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ABSTRACT 
 
When it comes to sexual reproduction, there are many means to an end. Although 
there are numerous types of mating systems and sex determination mechanisms, as well 
as different modes of germ cell development, there is one clear goal – to produce new 
offspring with unique genetic makeup. Scientists have long been intrigued by this 
diversity, and biologists today are delving deep into the molecular mechanisms 
underlying the variety of methods utilized by organisms to reproduce sexually. 
There are two strains of the freshwater planarian, Schmidtea mediterranea: the 
sexual strain is a cross-fertilizing hermaphrodite with reproductive organs that develop 
post-embryonically; the asexual strain reproduces by transverse fission and does not 
develop reproductive organs. This interesting biology, combined with recently developed 
molecular, cellular, and genomic tools make the planarian an attractive model organism 
in which to study germ cell development. Also, the planarian is a member of the 
Lophotrochozoan clade, a critical group for understanding the evolutionary transitions 
between mating systems and the mechanisms underlying diverse modes of sex 
determination.  
To characterize the difference between asexual and sexual planarians, we 
performed microarray analyses to identify genes that were expressed differentially in 
sexual and asexual planarians. We also used immuno- and lectin-staining to visualize 
components of the reproductive system. These complementary approaches allowed us to 
study the genetic and morphological differences between the two distinct modes of 
reproduction in planarians. We next showed that Smed-dmd-1, a conserved DM domain 
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transcription factor, provides a sex-specific niche required for the specification of male 
germ cells and maintenance of “maleness” in the planarian. Finally, we found that the 
male-specific expression of dmd-1 is retained in a derived, dioecious flatworm, 
Schistosoma mansoni. The male-specific expression of dmd-1 in both the hermaphroditic 
S. mediterranea and dioecious S. mansoni suggest one means by which modulation of 
sex-specific pathways can drive the transition from hermaphroditism to dioecy.  
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Sexual reproduction  
In The Origin of Species, Charles Darwin proposed that evolution could not have 
occurred if not for the chosen few that were fertile and able to pass on desirable traits to 
their offspring (Darwin 1871). The genetic diversity that results from sexual reproduction 
sets the foundation for the natural selection of species. Sexual reproduction is the union 
of two haploid gametes, typically a male spermatozoon and female egg, to form a new 
organism. Due to genetic recombination during meiosis, every gamete contains a unique 
combination of genes from each parent. The combination of the two gametes from each 
parent contributes to the genetic variability of the new offspring.  
There are different modes of sexual reproduction. Dioecious organisms have 
separate male and female sexes; whereas, hermaphrodites have the ability to develop 
reproductive structures of both sexes in a single organism. Sequential hermaphrodites 
first develop as one sex, and then change sex later in their life cycle. In contrast, 
simultaneous hermaphrodites have both male and female reproductive organs present at 
the same time (Ghiselin 1969). Organisms can also alternate between sexual and asexual 
modes of reproduction, a process called cyclical parthenogenesis (Charlesworth 1980; 




Evolutionary transitions between dioecy and hermaphroditism 
 The evolutionary transitions between dioecious and hermaphroditic states are 
found in many different groups of animals and the evolutionary reasons for these 
transitions have been of interest to biologists. One of the factors that plays a role in the 
shift from dioecious to hermaphroditic states is the ability to find a mate. The Low 
Density Model hypothesizes that organisms with low mobility or that live in a habitat of 
low population density have a selective advantage by being hermaphroditic. In conditions 
where finding a mate is rare, simultaneous hermaphroditism will allow mating with any 
individual of the same species, versus having to wait to encounter a member of the 
opposite sex (Ghiselin 1969).  Another benefit favoring simultaneous hermaphroditism is 
the plastic adjustment of male-female resources (sex allocation) (Scharer and Ladurner 
2003; Crowley 2008; Eppley and Jesson 2008). For example, in situations in which 
mating opportunities are scarce and male resources (i.e. sperm) are a limiting factor, 
some simultaneous hermaphrodites may be able to increase the resources allocated to the 
female system to maximize reproductive success (Eppley and Jesson 2008). On the other 
hand, strong sperm competition in a large mating group will promote higher male 
allocation such as increases in sperm count and testicular size, as experimentally shown 
in the simultaneous hermaphroditic flatworm Macrostomum sp. (Scharer and Ladurner 
2003). 
 Meanwhile, sequential hermaphrodites are usually either male or female at a 
given time and thus, face the same challenges of encountering a potential mate as single-
sexed organisms. However, the selective advantage of sequential hermaphroditism can be 
hypothesized by the Size Advantage Model. Based on this model, sequential 
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hermaphroditism is favored when the function of one sex is more robust in a smaller 
animal, and the function of the opposite sex is more robust in a larger animal. During the 
growth of the animal, reproductive success can be maximized by assuming the sex that is 
most compatible with its current size. For example, if larger females can produce greater 
amounts of eggs or larger egg sizes, which lead to greater reproductive success, it would 
be beneficial for the organism to start out as a male while it is smaller, but switch to 
being a female as it grows larger (protandry). In the opposite situation where males play a 
role in nurturing the young and being a large male is beneficial, the animal may start out 
female and then switch to male as it grows larger in size (protogyny) (Ghiselin 1969). 
Moreover, sequential hermaphroditism could also have evolved as a possible mechanism 
to prevent self-fertilization or inbreeding among siblings by ensuring that all siblings 
develop as a particular sex at a given time (Ghiselin 1969).  
 One factor that comes into play in the choice that favors the separation of sexes 
(dioecy) from hermaphroditism is the allocation of resources. In an area of high 
population density, or when organisms have good locomotion, mate search increases in 
efficiency. When mate search is energy efficient, there is a trade-off in the number of 
potential partners and the resources allocated to reproduction. It has previously been 
shown that there is extra cost associated with building and maintaining sexual 
reproductive organs in a single individual. Thus, efficient mate searching will favor the 
evolution and maintenance of separate sexes, where animals can optimize resources 
allocated to a single sex (Heath 1977; Puurtinen and Kaitala 2002). A second driving 
force to dioecy is to avoid inbreeding. In hermaphroditic populations, especially in 
populations that are able to self-fertilize, inbreeding may result in reduced fitness levels. 
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In this scenario, a single-sexed male or female mutant would have the opportunity to 
invade the population (Eppley and Jesson 2008). 
 Interestingly, evolutionary transitions from hermaphroditism to dioecious states 
and vice versa are found across metazoans. For example, there are two mating systems in 
the nematode genus Caenorhabditis. Most species are single-sexed, but two species, C. 
elegans and C. briggsae, exist as self-fertile hermaphrodites and males. In this genus, the 
self-fertilizing hermaphroditic mating system of C. elegans and C. briggsae evolved 
independently from an ancestral male-female system (Kiontke et al. 2004; Braendle and 
Felix 2006; Kiontke and Sudhaus 2006). It has been shown in the single-sexed nematode 
C. remanei, that mutations allowing XX (genetic females) animals to make sperm and 
enabling the self-activation of sperm are sufficient to generate a self-fertile 
hermaphrodite (Baldi et al. 2009). These observations suggest that transitions between 
different mating systems can occur via mutations that affect the sex determination 
pathway and the regulation of gamete physiology with few pleiotropic effects on the 
organism (Braendle and Felix 2006; Baldi et al. 2009).  
In the phylum Platyhelminthes (flatworms), most species exist as hermaphrodites 
with the exception of two species of marine triclads (Sabussowia dioica and Cercyra 
teissien) (Hyman 1951) and members of the parasitic Schistosomatidae family (Basch 
1990). Schistosomes exist as separate male and female sexes, a derived feature of this 
clade (Basch 1990). It has been postulated that through sexual separation, adaptations in 
female schistosomes have focused on increasing efficiency of egg production and 
oviposition. To achieve greater efficiency in egg placement to ensure that eggs are able to 
leave the host easily, females lost their body musculature and pharyngeal pumping 
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apparatus in order to remain small and maintain an elongated, filiform morphology. In 
parallel, males developed structures to compensate for the female’s decreased mobility 
and ability to feed. Male schistosomes transport females to egg laying sites and pump 
blood into the female’s intestines by massaging her body (Basch 1990). Members of the 
flatworm phylum are good models in which to investigate the transition from 
hermaphroditism to dioecy, especially with the increasing number of molecular tools 
available to study the hermaphroditic planarians and dioecious schistosomes.  
 
Modes of sex determination 
To reproduce sexually, metazoans utilize diverse modes of sex determination and 
differentiation. There are two main modes of sex determination: genetic/genotypic sex 
determination (GSD) and environmental sex determination (ESD) (Williams and Carroll 
2009; Gamble and Zarkower 2012). In GSD, the chromosomal makeup of an organism 
will determine if the embryo develops as male or female. Within the GSD group, a 
variety of mechanisms are utilized. For example, one common system is the 
heteromorphic sex chromosome system. Humans and other mammals use the XX/XY 
system where males are heterogametic. The presence of Sry on the Y chromosome will 
trigger a cascade of events that lead to male development. Another system, ZZ/ZW, has 
been found in birds, snakes and butterflies, in which the females are the heterogametic 
sex (Gamble and Zarkower 2012). In C. elegans and Drosophila, it is the ratio of X 
chromosomes to autosomes that determines the sex of the embryo (Cline and Meyer 
1996). Meanwhile, another mode of GSD is complementary sex determination where 
fertilized diploid eggs develop into females and unfertilized haploid eggs develop into 
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males, due to the number of alleles of the complimentary sex determiner (csd) gene. This 
mode is common among hymenopteran insects such as the honey bee, Apis mellifera 
(Beye 2004). In ESD, environmental conditions surrounding the embryo, for example, 
temperature, proximity of conspecifics, and photoperiod, will determine the organism’s 
sex (Bull 1980). At times, both GSD and ESD can play a role in sex determination in an 
organism. For example, in the bearded dragon Pogona vitticeps, the temperature can 
override the genotypic sex, resulting in a difference between sexual phenotype and sexual 
genotype (Quinn et al. 2007). 
One important distinction to make in sex determination is somatic versus germ 
cell sex determination. The sexual fate of germ cells in dioecious organisms can either be 
influenced solely by their somatic environment (Blackler 1965; Hilfiker-Kleiner et al. 
1994; Yoshizaki et al. 2010), or by a combination of cues from both the soma and germ 
cells (Steinmann-Zwicky et al. 1989; Durcova-Hills and Capel 2008; Casper and Van 
Doren 2009). In the housefly Musca domestica (Hilfiker-Kleiner et al. 1994), Xenopus 
laevis (African clawed frog) (Blackler 1965) and some species of fish (Shinomiya et al. 
2002; Okutsu et al. 2006; Yoshizaki et al. 2010), the sexual identity of the germ cells 
depends on the sex of the somatic environment they reside in and is independent of their 
own chromosomal makeup. This is known from experiments in which germ cells of one 
genetic sex are transplanted into a somatic environment of another sex and end up 
differentiating into gametes of the host’s sex (Blackler 1965; Hilfiker-Kleiner et al. 1994; 
Okutsu et al. 2006; Yoshizaki et al. 2010). Furthermore, in sex-reversal experiments in 
which genetic females (XX) are induced to be male by transplantation of male (XY) 
somatic cells, the germ cells differentiate into males even though they are genetically 
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female (Shinomiya et al. 2002). In Drosophila and mice signals from the soma are crucial 
for initiating germ cell sex determination; however, a mismatch between the sex of the 
somatic environment and the chromosomal sex of the germ cells will lead to degeneration 
and incomplete gametogenesis (Steinmann-Zwicky et al. 1989; Durcova-Hills and Capel 
2008; Casper and Van Doren 2009). 
 
Evolution of sex determination mechanisms: DM domain genes 
 Most important developmental processes are highly conserved among metazoans, 
such as body plan establishment by Hox genes (Carroll et al. 2005), and eye formation by 
Pax6 (Quiring et al. 1994; Halder et al. 1995; Gehring and Ikeo 1999). Surprisingly, sex 
determination mechanisms have evolved rapidly and are very diverse among different 
organisms. A common theme is that there is very little conservation of genes and 
pathways at the top of the genetic hierarchies that are responsible for determining an 
organism's sexual identity (Marin and Baker 1998; Williams and Carroll 2009). This is 
clearly seen from the plethora of different mechanisms used in GSD and ESD, as well as 
the key players involved. For example, the male-determining factor, Sry is only present in 
mammals. Biologists were perplexed by this diversity until the discovery of the DM 
domain gene family of transcription factors provided support for a common evolutionary 
basis for sex determination.   
 DM domain genes have been found to function in different aspects of sexual 
reproduction across the metazoans, from cnidarians to humans. In the basal metazoan, 
Acropora millepora (stony coral), transcripts of a DM domain gene AmDM1 are 
upregulated during sexual differentiation suggesting that DM domain genes and their role 
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in sexual reproduction is an ancient mechanism that predates the divergence of cnidarians 
from the bilaterians (Miller et al. 2003).  
 In the ecdysozoans Caenorhabditis elegans and Drosophila melanogaster, DM 
domain proteins function downstream in the sex determination pathway as effector 
molecules or key downstream targets (Williams and Carroll 2009; Matson and Zarkower 
2012). These sex-specific transcription factors often function with other transcription 
factors at cis-rgulatory elements (CREs) to regulate development of sexually dimorphic 
features in males and females (Williams and Carroll 2009). C. elegans has 11 DM 
domain genes; to date, mab-3 (male-abnormal-3), mab-23 (male-abnormal-23), and dmd-
3 (DM domain-3) have been implicated in differentiation of male-specific structures. 
These genes function to repress yolk proteins in the male, as well as develop male-
specific copulatory structures like sensory rays, spicules, neurons, and muscles used 
during mating (Shen and Hodgkin 1988; Lints and Emmons 2002; Mason et al. 2008; 
Siehr et al. 2011). mab-3 and dmd-3 are downstream targets of a degraded male isoform 
of TRA-1, the effector molecule of the global sex determination pathway (Shen and 
Hodgkin 1988; Cline and Meyer 1996; Mason et al. 2008). An example of DM domain 
proteins working with other developmental pathways to generate sexually dimorphic 
structures is the repression of ref-1 (HES-related bHLH protein) by MAB-3. Repression 
of ref-1 allows for expression of lin-32, which promotes sensory ray formation in the 
male through a Hox-directed nervous system development pathway (Ross et al. 2005). 
 In Drosophila, the DM domain gene doublesex (dsx) is a major effector molecule 
regulating sexual dimorphism of somatic structures. Male (dsxM) and female (dsxF) 
isoforms of dsx are responsible for the physical differences in pigmentation (Kopp et al. 
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2000; Williams et al. 2008), segmentation (Wang et al. 2011), and sex combs (Tanaka et 
al. 2011) between the two sexes. dsxM and dsxF are also involved in sex-specific 
pheromones (Datta et al. 2008; Shirangi et al. 2009) and neurons (Kimura et al. 2008) 
that are important for mating behavior. Dsx carries out its function by working with other 
sexual differentiation effectors like Fruitless (Fru) (Kimura et al. 2008; Siwicki and 
Kravitz 2009), and similar to MAB-3 in C. elegans, Dsx also interacts with Hox genes to 
establish sexual dimorphism. In the fruitfly, males have fewer abdominal segments 
compared to females. This abdominal pattering dimorphism is achieved by the repression 
of wingless by DsxM and the Hox protein, Abdominal-B (Abd-B), leading to the loss of 
the terminal abdominal segment in males (Wang et al. 2011).  
 Among the vertebrates, DM domain genes are central to the evolution of sex 
determination as seen by their function at different positions of the sex determination 
hierarchy. In mammals, DM domain genes are involved in different stages of sexual 
development (Raymond et al. 2000; Matson et al. 2010) and maintenance of male/female 
sexual differences (Matson et al. 2011). Like all vertebrates examined thus far, Dmrt1 is 
expressed in the genital ridge of the mouse prior to sex determination. However, Dmrt1 is 
not required for the initial male/female decision as XY (genetically male) mutants are 
born as males with testes present. Dmrt1 is initially expressed in both the fetal testes and 
ovaries, and eventually becomes testis-specific (Sertoli and male germ cells) as 
gonadogenesis proceeds (Raymond et al. 2000; Matson and Zarkower 2012). Loss of 
DMRT1 function in the fetal ovary resulted in abnormal meiotic prophase, however these 
females could still produce oocytes (albeit fewer than normal) and were still fertile 
(Krentz et al. 2009). At the fetal stage, Dmrt1 mutant males had no obvious defects, other 
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than a high incidence of testicular teratomas in a 219Sv genetic background (Krentz et al. 
2009). Postnatally, mutant males have defects in both germ cells and Sertoli cells. The 
spermatogonia fail to initiate meiosis and differentiate, and do not migrate to the basal 
lamina. The Sertoli cells initially overproliferate, but then fail to differentiate and 
eventually die (Raymond et al. 2000).  
 Another role for Dmrt1 was identified from conditional deletions of Dmrt1 in 
undifferentiated spermatogonia (Matson et al. 2010). During gametogenesis, retinoic acid 
triggers the switch from mitosis to meiosis. Stimulated by retinoic acid-8 (Stra8) is a key 
regulator of meiotic entry by controlling the responsiveness of germ cells to retinoic acid 
(RA) (Bowles and Koopman 2007). Dmrt1 functions to promote the spermatogonial 
program by repressing Stra-8 and restricting the response of spermatogonia to RA. 
Abrogation of Dmrt1 resulted in ectopic Stra-8 expression, resulting in precocious entry 
of spermatogonia into the meiotic program. This led to depletion of undifferentiated 
spermatogonia and reduced germ cells in the testes (Matson et al. 2010).  
 Recently, an elegant study showed that Dmrt1 is essential for postnatal sex 
maintenance. When Dmrt1 was deleted in fetal and adult Sertoli cells, the Sertoli cells 
became feminized, began expressing the female-promoting Foxl2, and took on the 
morphology of granulosa cells (Matson et al. 2011). This provided evidence that DMRT1 
was responsible for maintaining the fate of male germ cells even after terminal 
differentiation by repressing Foxl2 (Matson et al. 2011), similar to the manner in which 
FOXL2 represses Dmrt1 to maintain granulosa cell fate in the ovary (Uhlenhaut et al. 
2009).   
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 In chicken, Xenopus laevis, and Oryzias latipes (medaka fish), a DM domain gene 
is suggested to be the master gene at the top of the sex determination hierarchy (Matsuda 
et al. 2002; Matsuda et al. 2007; Yoshimoto et al. 2008; Smith et al. 2009). Knockdown 
of Dmrt1 in ZZ (genetically male) chicken results in gonads with feminized morphology, 
suggesting that Dmrt1 is essential for testicular differentiation and that a higher dosage of 
the Z chromosome-linked Dmrt1 is the determinant in avian sex. There is a possibility of 
a W-linked female sex-determining gene and to date, the sex-determining role of Dmrt1 
in chicken has yet to be definitively shown by transforming a ZW (genetically female) 
chicken into male by overexpression of Dmrt1. Nevertheless, Dmrt1 is a good candidate 
for being the avian master sex-determining gene (Raymond et al. 1999; Smith et al. 1999; 
Smith et al. 2009). In O. latipes, a DM domain gene homolog on the male Y-
chromosome, DMY, has been shown to be necessary for male development and sufficient 
to trigger the formation of male gonads in genetically female fish when overexpressed 
(Matsuda et al. 2002; Matsuda et al. 2007).  In the frog (Yoshimoto et al. 2008) and fish 
(Matsuda et al. 2002), the DM domain genes responsible for sex determination are a 
result of a duplication of an autosomal DM domain gene. These mutational events could 
be a driving force for the transitions between rapidly evolving sex determination 
mechanisms.  
 
The gonadal niche 
In addition to their role in providing cues for the germ cells to adopt their sexual 
identity, somatic cells are a main component of the gonadal niche. First described in 1978 
by Schofield pertaining to the hematopoietic system (Schofield 1978), the niche is a 
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microenvironment that provides signals that are responsible for regulating the self-
renewal and differentiation of stem cells (Xie and Spradling 2000; Tulina and Matunis 
2001). Much of what we know has come from examination of the Drosophila gonadal 
niches, the distal tip cell (DTC) in the C. elegans gonad, and the spermatogonial stem cell 
niche in mice.  
 
Gonadal niche in the Drosophila ovary and testis 
In Drosophila, in both the ovaries and testes, the germline stem cells (GSCs) are 
in close association with a small population of somatic cells forming a niche at the distal 
tip of the gonad enabling the GSCs to receive signals from the niche. In the germarium 
(part of the ovariole in the ovary), 2-3 GSCs are associated with their niche comprised of 
the terminal filament cells, and 4-7 cap cells (Fuller and Spradling 2007). The cap cells 
express bone morphogenic protein (BMP) ligands, Decapentaplegic (DPP) and Glass-
bottomed boat (GBB), which are responsible for maintaining the GSCs (Li and Xie 
2005). DPP represses bag-of-marbles (bam), to prevent the differentiation of GSCs that 
remain in contact with the niche (Chen and McKearin 2003). In addition to BMP 
signalling, Hedgehog-, Piwi-, and Y-box binding protein- signaling have also been shown 
to control GSC self-renewal (Lin and Spradling 1997; Cox et al. 2000; King et al. 2001). 
In the Drosophila testis niche, 6-12 GSCs attach to the somatic hub cells at the distal tip 
of the testis. These somatic hub cells express the (cytokine-like) ligand Unpaired (UPD). 
UPD activates the Janus kinase-signal transducer and activator of transcription (JAK-
STAT) pathway in GSCs to promote maintenance and adhesion (Kiger et al. 2001; Tulina 
and Matunis 2001). The resulting daughter cell of a dividing GSC that is displaced from 
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the hub will not receive the UPD signal and go on to differentiate (Tulina and Matunis 
2001). Interestingly, mitotic germ cell cysts that have left the hub can be reprogrammed 
back into GSCs through activation of the JAK-STAT pathway (Brawley and Matunis 
2004). Aside from the somatic hub and cap cells, and GSCs, the niche of both the 
Drosophila ovary and testis also consists of somatic cells. They are known as the cyst 
stem cells (CySCs) in males and escort cells in females (Decotto and Spradling 2005; 
Yamashita et al. 2005). The thin processes of somatic stem cells surround the GSCs to 
isolate them from each other but not from the hub or cap cells. These daughter cells of 
somatic stem cells are non-dividing and function to enclose the differentiating daughter 
cells of GSCs to form cysts. The close interaction between the GSCs and somatic stem 
cells is essential to ensure the coordinated differentiation of their daughters (Fuller and 
Spradling 2007). This interaction is mediated by the signals processed by the germline-
specific rhomboid-class protease Stet and received by the Epidermal Growth Factor 
Receptor in the escort/cyst cells (Schulz et al. 2002).  
 
Distal tip cell in the C. elegans gonad 
In C. elegans, the somatic distal tip cell (DTC) provides a niche at the distal end 
of the adult gonad. This niche is called the distal mitotic zone where germ cells 
proliferate. Meanwhile, germ cells that are located more proximally in the gonad no 
longer receive signals from the niche and go on to differentiate. The differentiating germ 
cells will go through the meiotic cycle and gametogenesis (Kimble and Crittenden 2005). 
Germ cells in close proximity to the DTC receive signals that are necessary and sufficient 
for their proliferation. Evidence that the niche is necessary for proliferation comes from 
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experiments in which the ablation of the DTC led to germ cells leaving the mitotic cycle 
and entering meiosis (Kimble and White 1981). Meanwhile, transplantation of the DTC 
to another location resulted in formation of a new niche with proliferating germ cells, 
suggesting that signals from the DTC were sufficient for germ cell proliferation (Kimble 
and White 1981). The Notch signaling pathway has been implicated in maintaining the 
balance between germ cell proliferation and differentiation. In the adult hermaphroditic 
gonad, lag-2, the gene encoding the ligand, is expressed in the DTC (Henderson et al. 
1994). Its receptor, the membrane-associated GLP-1/Notch is localized in germ cells 
located in the distal mitotic zone and GLP-1/Notch function is required for proliferation 
(Austin and Kimble 1987; Crittenden et al. 1994). The activation of GLP-1/Notch results 
in the formation of a complex comprised of the GLP-1/Notch intracellular domain, and 
LAG-1 CSL DNA-binding protein and LAG-3 transcriptional co-activator, which 
regulates the transcription of genes involved in proliferation or inhibition of 
differentiation (Petcherski and Kimble 2000; Crittenden et al. 2003). Although not all the 
targets of the GLP-1/Notch signaling pathway have been identified, there is evidence 
suggesting direct control of fbf-2 by GLP/Notch (Lamont et al. 2004). The FBF (fem-3 
binding factor) RNA-binding proteins (FBF-1 and FBF-2) are regulators of PUF (Pumilio 
and FBF) protein family (Zhang et al. 1997; Wickens et al. 2002). One of the roles of 
FBF is to repress genes that promote entry into the meiotic cycle like gld-1 and gld-3 
(Crittenden et al. 2002; Eckmann et al. 2004). This repression of meiotic entry 
demonstrates a means by which signals from a single cell, the DTC, can provide a niche 
that allows germ cells to proliferate instead of differentiate. In addition, FBF and LIP-1 
(another known direct target of GLP/Notch), function to negatively regulate MAPK 
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(Mitogen Activated Protein Kinase) by repression of mpk-1 and inhibition of MAPK 
activity respectively. This negatively regulation of MAPK is another example of how 
FBF maintains germ cells in an undifferentiated state in the niche (Lee et al. 2006; Lee et 
al. 2007; Byrd and Kimble 2009). 
 
Spermatogonial stem cell niche in the mouse testis 
The spermatogonial stem cells (SSCs) in the mouse testis are located on the 
basement membrane of the seminiferous tubules. The SSCs are surrounded by specialized 
somatic cells called Sertoli cells. The Sertoli cells provide growth factors and 
extracellular signals to regulate the self-renewal and differentiation of SSCs. 
Transplantation of SSCs from a variety of different mammals into seminiferous tubules 
of donor mice have shown that these extracellular signals are highly conserved among 
mammals (Brinster 2002). The tight junctions between Sertoli cells provide a blood-testis 
barrier, as well as the separation between the basal compartment where spermatogonia 
reside and the lumen of the seminiferous tubule where differentiating germ cells reside. 
Meanwhile peritubular myoid cells are localized on the outside of the basement 
membrane, and testosterone-producing Leydig cells surround the tubules in the interstitial 
space. The Sertoli cells express Kit ligand (also known as Stem Cell Factor), and the 
expression of the c-kit receptor in spermatogonia will initiate their differentiation 
(Manova et al. 1990; Rossi et al. 1991; Yoshinaga et al. 1991; Dym et al. 1995; Schrans-
Stassen et al. 1999). Another key factor expressed by Sertoli cells that is required for 
maintenance of SSCs is the glial cell line-derived neurotrophic factor GDNF (Meng et al. 
2000; Kubota et al. 2004; Hofmann et al. 2005). GDNF signaling via the receptors, Ret 
15
and GFrα-1, activate downstream pathways to maintain the self-renewal of SSCs. One 
such pathway is the Src family of kinases (Hofmann et al. 2005). Src family members 
(Src, Yes, Lyn, and Fyn) are activated by GDNF through Ret. The activation of Src 
results in N-myc expression via the PI3K/Akt pathway, leading to SSC proliferation 
(Hofmann 2008). There is also evidence that Gdnf activates the Ras/ERK1/2 pathway, 
resulting in activation of transcription factors Creb-1, Atf-1, and Crem-1, as well as A-
type cyclins that play a role in self-renewal and maintenance of SSCs (Desdouets et al. 
1995; Sunters et al. 2004; Hofmann 2008). Aside from the niche formed by the somatic 
cells in the seminiferous tubules, recent studies have identified a vascular-associated 
niche within the testis. Through live imaging and three-dimensional reconstruction, 
Yoshida and colleagues showed that there is preferential localization of undifferentiated 
spermatogonia in an area adjacent to the blood vessels that form a network around the 
seminiferous tubules (Yoshida et al. 2007). Insights from studies of gonadal niches have 
shown the importance of signaling pathways, as well as physical structures like tight 
junctions and vascular networks for proper germ cell development. 
 
Schmidtea mediterranea as a model organism  
 The planarian, Schmidtea mediterranea, is a free-living freshwater flatworm 
(phylum Platyhelminthes, class Turbellaria, order Tricladida, family Dugesiidae) that has 
three tissue layers with distinct organs (Newmark and Sanchez Alvarado 2002). The 
planarian central nervous system is comprised of bi-lobed cephalic ganglia at the anterior, 
two longitudinal ventral nerve cords, and a nervous plexus that connects to the nerve 
cords (Agata et al. 1998). Photoreceptors (Carpenter et al. 1974) and chemoreceptors 
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(MacRae 1967) also connect with the cephalic ganglia, enabling the planarian to sense its 
surroundings and respond appropriately. The digestive system consists of three main 
intestinal branches with many secondary and tertiary branches that facilitate distribution 
of metabolites throughout the animal (Brøndsted 1969; Newmark and Sanchez Alvarado 
2002; Forsthoefel et al. 2011). The removal of waste products and osmoregulation is 
controlled by the excretory system made up of flame cells that are connected by ciliated 
and non-ciliated tubules (Ishii 1980; Rink et al. 2011; Scimone et al. 2011).  
 Planarians have long been known as a model for regeneration. Their regenerative 
ability was first described by Peter Simon Pallas in 1766, and systematically 
characterized by Harriet Randolph in 1897. Her classical paper showing the regenerative 
potential of planarians through transverse and longitudinal cuts (Randolph 1897) 
provided a foundation for Thomas Hunt Morgan’s work, where he showed that a 
fragment 1/279th of a planarian could regenerate into a new animal (Morgan 1898).  The 
planarian’s regenerative capability is due to a population of stem cells called neoblasts 
(Baguñà et al. 1989), the only proliferating somatic cells in the animal (Baguñà 1976; 
Reddien and Sanchez Alvarado 2004). More recently, studies have shown that there 
exists a population of neoblasts in Schmidtea mediterranea that are pluripotent (termed 
clonogenic neoblasts, or cNeoblasts) and can differentiate into multiple cell types in the 
animal. When a single cNeoblast is transplanted into a host animal devoid of neoblasts 
following irradiation, the cNeoblast is able to proliferate and eventually restore tissue 
turnover and regenerative capabilities (Wagner et al. 2011). The availability of genomic 
and transcriptomic (Abril et al. 2010; Adamidi et al. 2011) resources for S. mediterranea, 
as well as molecular tools such as BrdU labeling (Newmark and Sanchez Alvarado 
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2000), RNA interference (RNAi) (Newmark et al. 2003) and in situ hybridization 
(Pearson et al. 2009) have established the planarian as a model to identify genes and 
mechanisms that are integral during regeneration.  
 While the planarian is well-known as a model to study regeneration and stem cell 
biology (Newmark and Sanchez Alvarado 2002; Sanchez Alvarado et al. 2002; Guo et al. 
2006; Gurley et al. 2007; Wagner et al. 2011), the planarian has recently emerged as a 
model for understanding germ cell biology and sexual development (Wang et al. 2007; 
Newmark et al. 2008; Collins III et al. 2010; Wang et al. 2010). There are two strains of 
Schmidtea mediterranea: the sexual strain is a cross-fertilizing hermaphrodite with 
reproductive organs that develop post-embryonically; the asexual strain reproduces 
exclusively by transverse fission. Interestingly, although the asexual planarians do not 
elaborate well-developed gonads, they do possess primordial germ cells that fail to 
differentiate further (Sato et al. 2006; Handberg-Thorsager and Salo 2007; Wang et al. 
2007; Wang et al. 2010). The presence of two reproductive strains that are associated 
with distinct karyotypes make S. mediterranea a useful model to identify and characterize 
genes involved in the different modes of reproduction. The hermaphroditic system of the 
planarian consists of both male and female gonads, as well as accessory reproductive 
organs. Numerous testes are distributed dorsolaterally along the animal, and a pair of 
ovaries is situated more ventrally at the posterior region of the brain.  
 Two modes of specifying germ cells have evolved among animals, involving 
either localized determinants (determinate specification) or inductive signaling (inductive 
specification). Through determinate specification, germ cells are specified by localized 
maternal determinants in zygotes as seen in model organisms such as Drosophila, C. 
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elegans, zebrafish, and X. laevis (Nieuwkoop and Sutasurya 1979; Extavour and Akam 
2003; Seydoux and Braun 2006); whereas, in inductive specification, inductive 
interactions between cells are used to specify germ cells, as seen in mammals and many 
basal metazoans (Nieuwkoop and Sutasurya 1979; Extavour and Akam 2003; Wang et al. 
2007). Sexual planarians have a reproductive system that can be regenerated de novo 
from stem cells, as observed in several studies. Thomas Hunt Morgan showed that a piece 
of tissue devoid of old reproductive structures could regenerate new germ cells from 
somatic tissues (Morgan 1902). Supporting this observation, Wang et al. showed that 
between 7 and 14 days post-amputation, GSCs expressing the germ cell marker, nanos, 
could be detected in regenerating head fragments that were initially devoid of 
reproductive structures and germ cells (Wang et al. 2007). Meanwhile, it has been shown 
that after the testes are selectively destroyed by low levels of irradiation, neoblasts appear 
to accumulate at the site of the testes, and eventually the testes are regenerated (Fedecka-
Bruner 1965). In another experiment, injection of an enriched neoblast fraction from 
sexual animals into irradiated asexual hosts resulted in sexual planarians that developed 
germ cells and reproductive structures, as well as lost their ability to reproduce by fission 
(Baguñà et al. 1989). The ability of planarians to regenerate their germ cells de novo 
suggests that they specify their germline inductively like mammals and many basal 
metazoans (Extavour and Akam 2003; Juliano and Wessel 2010; Juliano et al. 2010).  
 The interesting hermaphroditic reproductive system of S. mediterranea, combined 
with the various molecular tools available, enable us to use the planarian as a model to 
understand long-standing questions. For example, from an evolutionary perspective, how 
does the transition from hermaphroditism happen and what pathways are involved? Is the 
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role of DM domain genes in sex determination/ sexual differentiation conserved in 
Lophotrozoans and are DM domain genes in planarians also central to the evolution of 
different modes of sex determination? Meanwhile, from a developmental perspective, it 
is still not known how a simultaneous hermaphrodite specifies and maintains both male 
and female structures in a single individual. Many questions remain unanswered: for 
example, is there a somatic niche that is responsible for the development of “maleness” 
and “femaleness” in a simultaneous hermaphrodite? What are the genes responsible for 
germ cell differentiation in the ovary and testes? What are the similarities and differences 
between pathways that regulate production of male and female gametes? 
 
Conclusion 
 To answer these questions, we depart from the examination of sex determination 
and germ cell development in single-sexed organisms. Instead, we take a novel approach 
by using the planarian, Schmidtea mediterranea to examine how a simultaneous 
hermaphrodite develops and maintains both male and female organs in a single 
individual. Understanding how sexual reproduction is regulated in a simultaneous 
hermaphrodite will provide insights into the evolution and development of sex 





MOLECULAR MARKERS TO CHARACTERIZE THE 
HERMAPHRODITIC REPRODUCTIVE SYSTEM OF THE 
PLANARIAN SCHMIDTEA MEDITERRANEA 
 
(Data presented in this chapter were originally published in Tracy Chong, Joel M. Stary, 
Yuying Wang, and Phillip A. Newmark, BMC Developmental Biology 11:69, 2011. I 
performed all the experiments in this study except for the microarray analyses comparing 




The freshwater planarian Schmidtea mediterranea exhibits two distinct 
reproductive modes. Individuals of the sexual strain are cross-fertilizing hermaphrodites 
with reproductive organs that develop postembryonically. By contrast, individuals of the 
asexual strain reproduce exclusively by transverse fission and fail to develop 
reproductive organs. These different reproductive strains are associated with distinct 
karyotypes, making S. mediterranea a useful model for studying germline development 
and sexual differentiation. To identify genes expressed differentially between these 
strains, we performed microarray analyses and identified >800 genes that were 
upregulated in the sexual planarian. From these, we characterized 24 genes by fluorescent 
in situ hybridization (FISH), revealing their expression in male germ cells or accessory 
reproductive organs. To identify additional markers of the planarian reproductive system, 
we also used immuno- and fluorescent lectin staining, identifying several antibodies and 
lectins that labeled structures associated with reproductive organs. Collectively, these 
cell-type specific markers will enable future efforts to characterize genes that are 
important for reproductive development in the planarian. 
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 Introduction 
While the planarian has re-emerged as an animal model for studying regeneration 
and stem cell biology (Newmark and Sanchez Alvarado 2002; Sanchez Alvarado et al. 
2002; Guo et al. 2006; Gurley et al. 2007; Wagner et al. 2011), recent studies of 
Schmidtea mediterranea have also contributed to understanding germ cell biology and 
sexual development (Wang et al. 2007; Newmark et al. 2008; Collins III et al. 2010; 
Wang et al. 2010). Two modes of specifying germ cells have evolved among animals, 
involving either localized determinants or inductive signaling (Nieuwkoop and Sutasurya 
1979; Extavour and Akam 2003; Seydoux and Braun 2006). Sexual planarians have a 
reproductive system that can be regenerated de novo from stem cells after amputation 
(Morgan 1902; Wang et al. 2007), suggesting that they specify their germline inductively 
like mammals and many basal metazoans (Extavour and Akam 2003; Juliano and Wessel 
2010; Juliano et al. 2010).  
S. mediterranea is a powerful model for understanding germ cell development 
due, in part, to the existence of distinct sexual and asexual strains that allow identification 
and characterization of genes involved in the different modes of reproduction. The 
reproductive system of the hermaphrodite consists of the male and female gonads, as well 
as accessory reproductive organs (Newmark et al. 2008). Numerous testes are distributed 
dorsolaterally along the animal, and a pair of ovaries is situated more ventrally at the 
posterior region of the cephalic ganglia (brain). Ciliated oviducts and sperm ducts 
running along the nerve cords lead to the copulatory apparatus, comprised of the 
gonopore (gn), seminal vesicles (sv), copulatory bursa (b), bursal canal (bc), penis papilla 
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(pp) and various glands (g) (Figure 2.1A) (Newmark et al. 2008). In each planarian testis 
lobe, spermatogenesis proceeds from the periphery to the lumen. Spermatogonia undergo 
three mitotic divisions with incomplete cytokinesis to produce eight primary 
spermatocytes that enter meiosis, differentiate into 32 spermatids, and mature into 
spermatozoa (Figure 2.1B)(Franquinet and Lender 1973). The sperm are released into the 
sperm ducts that funnel sperm to the seminal vesicles. When S. mediterranea mate, sperm 
from one animal is transferred to its partner and deposited via the bursal canal into the 
copulatory bursa. The sperm then travel back down the bursal canal into the oviducts and 
collect in the tuba, an enlarged portion of the oviducts just outside the ovaries (Figure 
2.1A) (Hyman 1951; Fischlschweiger and Clausnitzer 1984). As mature oocytes leave the 
ovary, they are fertilized by sperm stored in the tuba. The fertilized eggs then make their 
way down the oviduct, and yolk cells are added to the outside of the egg by the vitelline 
(yolk) glands that line the oviduct. Several embryos and yolk cells are packaged into a 
single egg capsule. The glands around the genital atrium are involved in the synthesis and 
deposition of egg capsules (Hyman 1951; Shinn 1993).  
In contrast to the sexual strain, the asexual strain of S. mediterranea does not 
develop reproductive organs, and reproduces exclusively by transverse fission. While 
asexual planarians do not elaborate well-developed gonads, they do possess primordial 
germ cells that fail to differentiate further (Sato et al. 2006; Handberg-Thorsager and Salo 
2007; Wang et al. 2007; Wang et al. 2010). Although the asexual strain is distinguished 
by a chromosomal translocation, the exact mechanisms that account for the two divergent 
modes of reproduction are unknown (Benazzi et al. 1975; Baguñà et al. 1999). However, 
neuropeptide signaling was recently shown to be required for the development of 
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reproductive organs in sexual planarians. RNAi knockdown of a single neuropeptide 
gene, npy-8, resulted in animals that failed to develop or maintain reproductive organs. 
Interestingly, npy-8 mRNA was not detected in asexual planarians (Collins III et al. 
2010).  
The existence of two divergent modes of reproduction in a single species presents 
a unique opportunity to identify conserved and species-specific genes that are important 
for germ cell development and reproductive maturation. Thus, we used two approaches to 
characterize differences between these strains: (i) microarray analysis to identify genes 
that are expressed differentially between sexual and asexual planarians, followed by in 
situ hybridization to identify the cell types in which these genes are expressed; and (ii) 
morphological analysis using confocal microscopy to identify cell type-specific markers 
that label components of the sexual reproductive system. We show that several genes 
identified through this transcriptional comparison serve as useful markers for somatic and 
germ cells of the planarian reproductive system. We also introduce several antibodies and 
fluorescent lectin-conjugates that will be useful for visualizing components of the 
planarian reproductive system. These studies provide complementary approaches for 
studying the genetic and morphological differences between sexual and asexual modes of 
reproduction in planarians. 
 
Results and Discussion 
Identification of genes with significantly higher expression in sexual planarians 
To compare gene expression profiles of sexual and asexual planarians and to 
identify genes involved in sexual development we performed microarray analysis using 
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custom oligonucleotide arrays with probes representing 16,786 unique S. mediterranea 
transcripts. Analysis of transcriptional profiles from sexual and asexual planarians 
revealed 951 genes with differential expression greater than 2 standard deviations 
(approximately 9.7-fold difference) from the mean. We applied this stringent cut-off to 
enrich for the most differentially expressed genes that would potentially serve as markers 
of mature reproductive tissues. Of these differentially expressed genes, 822 were 
expressed at higher levels in sexual animals and 129 were expressed at higher levels in 
asexual animals (Figure 2.2). To assign putative functions to genes upregulated in sexual 
animals, we searched for conserved domains and performed Cluster of Orthologous 
Group (COG) analyses (Tatusov et al. 2003). For the genes upregulated in sexual 
animals, these analyses identified 346 of 822 (42%) genes with putative roles in diverse 
processes; the remaining 476 genes were novel, with no obvious conserved domains. Of 
the genes with conserved functions, the greatest number could be assigned to the 
functional categories cytoskeleton, signal transduction, and cell cycle control/cell 
division/chromosome partitioning. Additionally, our analyses found upregulated genes 
that shared homology to proteins of unknown function in other organisms (Table 2.1). 
Functional studies of these conserved genes in planarians should provide insight into the 
roles of these genes in reproductive processes. For the genes upregulated in asexual 
animals, putative functional categories were assigned to only 14 of 129 genes (11%) 
using COG analyses (Table 2.2); the remaining 115 genes (89%) were novel. Further 
examination of these genes should shed light on the mechanisms of asexual reproduction 
in planarians.   
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Genes that are upregulated in sexual planarians are expressed in the planarian 
reproductive system 
To validate our microarray results, a primary whole-mount in situ hybridization 
(WISH) screen involving 122 genes that showed significant differential expression in the 
sexual planarians (upregulated ≥ 2 standard deviations from the mean) was performed on 
mature sexual animals. We focused on genes from four different COG functional 
categories: signal transduction, transcription, cytoskeleton, and genes of unknown 
function. Of the 122 genes examined, 100 (82%) were expressed in the reproductive 
system: 96 genes were expressed in the testes, and 4 genes were expressed in accessory 
reproductive organs (data not shown). To characterize further the cellular distribution of 
several of the transcripts, 24 that were expressed either in accessory reproductive organs 
or during different stages of spermatogenesis were analyzed using fluorescence in situ 
hybridization (FISH) (Figure 2.3 and Table 2.3).  
 A gene similar to granulin (Smed-grn; for brevity, we will drop the prefix 
“Smed” from the remaining genes described here) was expressed in a subset of cells 
forming the sperm ducts and seminal vesicles, components of the “male” accessory 
reproductive organs (Figure 2.4A and Table 2.4). The second gene, sharing homology 
with tetraspanin genes (tsp-1), was expressed in glands around the atrium, a “female” 
structure often associated with egg capsule production. The glands span from the dorsal 
to the ventral surface of the animal and are interdispersed between the testis lobules close 
to the copulatory apparatus (Figure 2.4B and Table 2.4). Simultaneous labeling by two-
color FISH showed that grn and tsp-1 were expressed in distinct populations of cells, 
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confirming that some genes are expressed specifically in either male or female accessory 
reproductive structures (Figure 2.4C). 
We also used FISH to determine the cell types in which testes-specific genes were 
expressed (Table 2.4). This analysis found transcripts expressed broadly throughout the 
testes; for example, transcripts for four genes (msy4, thmg, pde, and plastin) were 
detected in all male germ cell stages except fully mature spermatozoa (Figure 2.5A-D). 
MSY4, a Y-box containing protein is expressed in the male germ cells of mice and the 
planarian Dugesia etrusca; knockdown of msy4 has been shown to disrupt spermatid 
elongation in S. mediterranea (Giorgini et al. 2002; Salvetti et al. 2002; Wang et al. 
2010). This result provides validates this approach for identifying genes expressed in 
planarian germ cells. Furthermore, some transcripts were more abundantly expressed in 
different cell populations, such as spermatocytes (tkn-1, Figure 2.5E), in spermatocytes 
and spermatids (tplh, Figure 2.5F), or in more differentiated germ cells in the luminal 
region that likely correspond to spermatids (pp2, Figure 2.5G and pka, Figure 2.5H).  
To confirm that these genes were enriched in distinct germ cell populations within 
the testes, we performed two-color FISH. Although transcripts of msy4 and thmg are 
broadly expressed in differentiating male germ cells, it appeared that msy4 transcripts 
were enriched in subpopulations of cells lacking thmg expression (Figure 2.6A, white 
arrows). We also observed cells located in the outer-most layer of the testes that were 
lacking both msy4 and thmg expression, suggesting that these cells could be the somatic 
cells of the testes (Figure 2.6A, boxed inset). While msy4 transcripts were detected in all 
male germ cell stages, tplh transcripts were enriched in spermatocytes and spermatids 
(Figure 2.6B). The spermatocytes expressing tkn-1 transcripts can be distinguished from 
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the more differentiated germ cells that showed pka upregulation (Figure 2.6C). In 
contrast to expression of tkn-1 mRNA in the spermatocytes, tkn-2 was more broadly 
expressed in the different germ cell types in the testis (Figure 2.6D). Tektins are a 
conserved component of cilia and flagella (Amos 2008), and our observations indicate 
that these two tektin paralogs are expressed in distinct stages of male germ cell 
differentiation. 
Mechanisms regulating different stages of germ cell differentiation are vital for 
the production of gametes. Based on the assigned putative functions of the genes 
examined and the enrichment of their mRNA transcripts in different domains of the 
testes, these genes may be involved in regulating the differentiation of male germ cells. 
Several studies have shown that germ cells rely upon post-transcriptional regulation to 
maintain their genomic plasticity (Leatherman and Jongens 2003; Seydoux and Braun 
2006). A recent functional genomic screen in S. mediterranea showed that RNA-binding 
proteins act as critical regulators of germ cell development in planarians (Wang et al. 
2010), similar to germ cell regulation across metazoans, in which RNA-binding proteins 
regulate germ cell proliferation, stem cell maintenance, and sex determination (Kimble 
and Crittenden 2005; Kimble and Crittenden 2007; Kimble et al. 2007; Shibata et al. 
2010). For future work on genes upregulated in sexual planarians, it will be important to 
functionally characterize genes from other COG categories, such as RNA processing and 
modification, as well as translation, ribosomal structure and biogenesis, with emphasis on 
genes encoding RNA-binding proteins.  
The aforementioned screen to identify genes required for germ cell development 
in planarians (Wang et al. 2010) used microarrays to investigate changes in gene 
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expression in animals lacking germ cells after nanos RNAi. These experiments were 
designed to identify differences in the “early” germ cell populations found in asexual 
planarians and juvenile sexual planarians (i.e., well before reproductive maturity); 
however, they would not detect genes expressed in the latest stages of reproductive 
maturation. By contrast, the experiments reported here to compare asexual and fully 
mature sexual planarians should detect genes expressed in the accessory reproductive 
organs and/or during the latest stages of reproductive system development. The nanos 
knockdown experiments identified 103 genes that were downregulated after nanos 
(RNAi) in asexual planarians and 275 genes that were downregulated after nanos (RNAi) 
in juvenile sexual planarians (Wang et al. 2010); whereas, we found >800 genes that were 
dramatically upregulated in mature sexual planarians relative to asexuals. Given the large 
number of reproductive organs (gonads and the many accessory organs) that are present 
in mature sexual animals, it is not surprising that there are many more genes expressed 
differentially and at much greater differential levels than were observed in the nanos 
RNAi experiments.  
Comparing these data sets revealed that 237/275 genes (86%) that were 
downregulated in juvenile sexual nanos(RNAi) animals (i.e., lacking germ cells) were 
upregulated  (>2 s.d) in sexual planarians relative to asexuals. Similarly, 88/103 genes 
(85%) that were downregulated in asexual nanos (RNAi) animals were upregulated  (>2 
s.d) in sexual planarians. Of the 13 genes shown to be required for different stages of 
germ cell development (Wang et al. 2010) nine were upregulated >2 s.d and two were 
upregulated >1 s.d. (>3.12-fold) in sexual planarians. Thus, there was excellent 
agreement between these different data sets. Because asexual planarians also possess 
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early nanos-expresssing germ cells, it is possible that some of the genes that do not show 
differential expression between asexual and sexual planarians are expressed in early germ 
cells. Among the genes characterized here by in situ hybridization, 15/24, including those 
expressed in the somatic accessory structures were not expressed differentially in 
nanos(RNAi) versus control sexuals, validating this complementary approach to identify 
genes involved in the planarian sexual development.  
Our in situ hybridization analyses did not detect genes whose transcripts were 
expressed exclusively in the ovaries. The difficulty of isolating ovary-specific genes is 
most likely based upon the paucity of ovarian tissue relative to the animal as a whole. 
The two ovaries reside at the base of the cephalic ganglia, whereas the testes are 
distributed throughout the dorso-lateral margin, along most of the length of the animal. 
Several other accessory reproductive organs also occupy a much greater portion of the 
planarian body than do the ovaries. Because these experiments have used RNAs isolated 
from whole planarians, ovarian RNAs are likely to be under-represented relative to testis-
enriched RNAs. Thus, isolation of additional ovary-specific transcripts will require other 
experimental approaches. 
 
Immunofluorescent and fluorescent lectin-conjugate labeling of the planarian 
reproductive system 
The majority of studies describing the planarian reproductive system have been 
based on histological sections and electron microscopy. While these studies have been 
very important in describing the morphology of the reproductive organs, they often 
require serial sectioning and reconstruction, both of which are technically challenging 
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and time consuming. To characterize the reproductive anatomy in whole-mount sexual 
planarians, we tested several reagents that could potentially label various components of 
planarian reproductive organs (Table 2.5). In addition to commercially available 
antibodies, a rabbit pre-immune serum that reacts with epitopes in planarian muscle cells 
(anti-muscle) was also used (Forsthoefel et al. 2011). Lectins, carbohydrate-binding 
proteins (Sharon and Lis 2004; Sharon 2007), have been used to label cells or tissues- 
primarily the secretory cells, their cytoplasmic projections, and terminal pores in asexual 
planarians (Zayas et al. 2010). Here, we report four fluorescent lectin-conjugates that 
label reproductive structures in the sexual planarian. 
 The oviducts and tuba, accessory reproductive organs that are ciliated and 
ensheathed by muscle fibers, were labeled by anti-tubulin δ2 (Figure 2.7A, solid box), 
anti-muscle, and anti-carbonic anhydrase (Figure 2.7B). A monoclonal antibody that 
recognizes phosphorylated tyrosine residues (anti-phosphotyrosine) is a general marker 
that labels multiple structures in the planarian (Cebrià and Newmark 2005); this antibody 
also enables visualization of the oviducts and tuba (Figure 2.7B). We observed that the 
oviducts were not smooth, straight tubes; rather, they often bent (Figure 2.7C, arrows) 
and occasionally looped (Figure 2.8A, left panel). Preliminary experiments to label 
animals of different sizes and maturity have shown that the oviducts develop as 
individual fragments that join with one another to form a continuous tube, and that the 
bends in the tube are sites where the individual fragments meet (Figure 2.8A, right 
panel). The oviducts connect to the bursal canal, which also labeled with the anti-muscle 
(Figure 2.7D) and anti-phosphotyrosine (Figure 2.7E) antibodies, as well as the lectin 
Peanut agglutinin (PNA, Figure 2.7F, solid box). The glands around the copulatory 
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apparatus were recognized by three lectins: PNA (Figure 2.7F, dashed box), Erythrina 
cristagalli lectin (ECL, Figure 2.7F, bottom right) and Ricinus communis agglutinin 
(RCA, Figure 2.7F, bottom left). 
 The male accessory reproductive organs were also labeled by a variety of 
antibodies and lectins. The ciliated sperm ducts were labeled by anti-tubulin δ2 (Figure 
2.7A, dashed box) while the seminal vesicles, tubular structures suspended in a network 
of muscle fibers, were visualized with anti-muscle (Figure 2.7G) and anti-
phosphotryosine immunostaining (Figure 2.8B). The penis papilla was labeled by anti-
phosphotyrosine (Figure 2.7H) and ECL (Figure 2.8C). Finally, the common gonopore 
could be visualized by staining with muscle antibody (Figure 2.8D).   
In addition to accessory reproductive organs, we also used immuno and lectin 
staining to label testes. The antibody specific for tubulin δ2 selectively labeled 
microtubules in the flagella of sperm, allowing visualization of haploid male germ cells 
in the process of spermiogenesis; including the growing flagella at the round spermatid 
stage (Figure 2.9A, dashed box) and the elongation of spermatids into mature sperm 
(Figure 2.9A, solid box). Using this antibody, it was also possible to visualize the flagella 
of the mature sperm as they travel along the oviducts, bursa and bursal canal (Figure 
2.8E). Intriguingly, the sperm seem to be clustered with their flagella oriented towards 
the periphery. Further examination of the sperm as they traverse the ducts will provide 
clues on how the sperm are transported through the reproductive system. In the testes, 
lectin PNA staining was distributed in a punctate pattern on the surface of pre-meiotic 
and post-meiotic germ cells (Figure 2.9B), while the lectin lens culinaris agglutinin 
(LCA) labeled cell membranes in and around the testes (Figure 2.9C).  
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The markers described thus far allow the labeling of male and female 
reproductive structures of the planarian. An interesting question in simultaneous 
hermaphrodites is whether male and female reproductive structures are co-dependent on 
each other. While some genes function in both male and female developmental pathways, 
there are two potentially distinct pathways that are responsible for either male or female 
sexual development. This idea is supported by the fact that it is possible to use RNAi to 
generate animals devoid of male germ cells (Wang et al. 2010). The presence of sex-
specific pathways in planarians like S. mediterranea could allow the evolution of 
simultaneous hermaphrodites into distinct male or female sexes, as seen in more derived 
flatworm species like the parasitic schistosomes. Interestingly, glands that are labeled 
with lectins in planarians are also labeled by similar lectins in Schistosoma mansoni 
females, suggesting a common evolutionary origin for these organs (Collins III et al. 
2011). The ability to visualize both male and female components of the planarian 
reproductive system with antibodies, lectins, and FISH as shown here will prove useful as 
we proceed with functional studies to identify genes involved in sexual development to 






















Figure 2.1. The planarian reproductive system. 
(A) Diagram depicting the generalized reproductive system in sexual S. mediterranea. 
Right, enlarged view of the copulatory apparatus. Bursa (b); bursal canal (bc); seminal 
vesicles (sv); sperm ducts (sd); oviducts (od); glands (g); gonopore (gn); penis papilla 
(pp). (B) Schematized view of different germ cell types in the planarian testes. 
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Figure 2.2. Transcriptional analysis of sexual versus asexual planarians. 
Ratio-intensity (R-I) scatter plot depicting the results of oligonucleotide microarray 
comparing gene expression between mature sexual planarians (Sx) and asexual (Asex) 
planarians. Standard deviation (SD); in situ hybridization (ISH); transcripts that 
showed upregulation (≥ 2 SD) in sexuals (black triangles); transcripts that showed 
upregulation (≥ 2 SD) in asexuals (yellow triangles); transcripts from primary in situ 
hybridization screen that were expressed in the planarian reproductive system (green 
circles); transcripts characterized in this study (purple squares); transcripts showing 
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Figure  2.3.  Genes  upregulated  in  the  sexual  planarian  that  are  expressed  in  the  
testis.  
Right  panels  are  fluorescent  in  situ  hybridizations  of  genes  (green),  nuclei  are  counter-­
stained  with  DAPI  (magenta).  Left  panels  are  whole  mount  in  situ  hybridizations  of  
genes  developed  with  nitro  blue  tetrazolium/5-­bromo-­4-­chloro-­3-­inodlyl  phosphate  
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Figure 2.4. grn and tsp-1 are expressed in accessory reproductive organs. 
(A-C, top panel) Whole mount view of two-color FISH showing expression of grn 
(green) and tsp-1 (magenta) in sexual S. mediterranea. Anterior of animal is to the left. 
(A-C, middle and bottom panels) Single confocal optical sections showing expression 
of grn (green) and/or tsp-1 (magenta). Nuclei are counterstained with DAPI (grey). (A) 
grn is expressed in the seminal vesicles and sperm ducts. (B) tsp-1 is expressed in 
glands around the copulatory bursa and bursa canal. The tsp-1-expressing cells are 
interdispersed between testes lobules near the copulatory apparatus. (C) Two-color 
FISH showing distinct populations of cells expressing either grn or tsp-1. Sperm duct 
(sd); seminal vesicles (sv); bursa (b); bursal canal (bc); testes (t). Scale bars: (A-C, top 























Figure 2.5. Genes upregulated in the sexual planarian that are expressed in the 
testes. 
(A-H) Single confocal sections showing FISH for genes (green) expressed in the testes. 
Nuclei are counterstained with DAPI (grey). (A-D) msy4, thmg-1, pde, and plastin 
transcripts are expressed in all germ cell types in the testes except mature sperm. (E) 
tkn-1 transcripts are enriched in spermatocytes. (F) tplh transcripts are enriched in 
spermatocytes and spermatids. (G and H) pp2 and pka transcripts are enriched in sper-








Figure  2.6.  Differential  gene  expression  in  distinct  populations  of  male  germ  cells  in  
the  testes.  
(A-­D)  Single  confocal  optical  sections  showing  double  FISH  of  genes  (magenta/green)  
expressed  in  different  populations  of  male  germ  cells  in  the  testes.  Nuclei  are  counter-­
stained  with  DAPI  (grey).  A)  msy4  and  thmg-­1  are  broadly  expressed  in  differentiating  
male  germ  cells.  Arrows  indicate  cells  that  lack  thmg-­1  expression.  Cells  lacking  both  
msy4  and  thmg-­1  (inset)  are  likely  to  be  somatic  cells  associated  with  the  testes.  B)  msy4  
transcripts  are  detected  in  all  germ  cell  stages,  tplh  transcripts  are  enriched  in  spermato-­
cytes  and  spermatids.  C)  pka  transcripts  are  upregulated  in  spermatids,  tkn-­1  transcripts  















Figure 2.7. Immunofluorescent and lectin labeling of the planarian reproductive 
system. 
(A-H) Confocal images of immuno or lectin staining in red/magenta/green, DAPI in 
grey. A) Oviducts (od) and sperm ducts (sd) are labeled by anti-tubulin δ2 (delta 
tubulin). B) The tuba and oviducts are labeled by anti-muscle (muscle), anti-
phosphotyrosine (p-tyr) and anti-carbonic anhydrase (ca). Oocytes (oo) are found in 
the ovary anterior to the tuba, sperm (s) collect in the tuba. C) Bends in the oviducts 
(yellow arrows). D) The bursal canal (bc) connects to the oviducts. E) The bursal canal 
is also visualized by anti-phosphotyrosine. F) Lectin Peanut agglutinin (PNA) labels 
the bursal canal and glands around the copulatory apparatus, lectin Ricinus communis 
agglutinin (RCA) and Erythrina cristagalli lectin (ECL) also label glands around the 
compulatory apparatus. G) Seminal vesicles containing sperm are suspended in a 
network of muscle fibers. H) The penis papilla is labeled by anti-phosphotyrosine. 































Figure 2.8. Immunofluorescent and lectin labeling of the planarian reproductive 
system. 
(A, D, E) Maximum projection of a confocal z-stack. (B, C) Single confocal optical 
sections. (A, B, D, E) Immunostaining in red/magenta/green, DAPI in grey. (C) Lectin 
staining in green, DAPI in grey. (A) Left image shows looped section of the oviduct, 
labeled by anti-muscle. Arrows in right image indicate individual oviduct fragments in 
a sexually immature animal, labeled by anti-muscle. (B) Antibodies against phosphoty-
rosine (p-tyr) label the seminal vesicles. (C) Erythrina cristagalli lectin (ECL) labels 
the penis papilla. (D). Muscle fibres of the gonopore are labeled with anti-muscle. (E) 
Flagella of the sperm are labeled with anti-tubulin δ2 (delta tubulin). Left image shows 
sperm in the bursa (b) and bursal canal (bc). Right image shows sperm in the oviducts 












Figure 2.9. Immunofluorescent and lectin labeling of the planarian testes. 
(A-C) Single confocal optical sections showing either immuno or lectin staining 
(magenta). Nuclei are counterstained with DAPI (grey). (A) Antibody labeling with 
anti-tubulin δ2 (delta tubulin). Insets show magnified views of flagella (magenta) on 
round spermatids (dashed box) and sperm (solid box). (B) Peanut agglutinin (PNA) 
staining in the testes. Top panel shows a confocal section of a testis with labeling of 
spermatogonial cells (sg), bottom panel shows a more ventral confocal section of the 
same testis with labeling of spermatids (st). (C) Lens culinaris agglutinin (LCA) labels 













Cytoskeleton 21.4 % 74 
Signal transduction mechanisms 20.0 % 69 
Cell cycle control, cell division, chromosome partitioning 18.5 % 64 
Function unknown 14.7 % 51 
Posttranslational modification, protein turnover, chaperones 9.3 % 32 
Inorganic ion transport and metabolism 8.1 % 28 
Carbohydrate transport and metablism 7.8 % 27 
Transcription 6.1 % 21 
Amino acid transport and metabolism 4.9 % 17 
Defense mechanisms 4.9 % 17 
Energy production and conversion 4.3 % 15 
RNA processing and modification 4.1 % 14 
Intracellular trafficking, secretion, and vesicular transport 3.8 % 13 
Cell wall/membrane/envelope biogenesis 2.0 % 7 
Lipid transport and metabolism 2.0 % 7 
Replication, recombination and repair 2.0 % 7 
Translation, ribosomal structure and biogenesis 2.0 % 7 
Nucleotide transport and metabolism 1.7 % 6 
Secondary metabolites biosynthesis, transport and catabolism 1.2 % 4 
Cell motility 0.6 % 2 
 
Table 2.1. Clusters of Orthologous Groups (COG) functional categories for genes 
upregulated in sexual planarians.  
Genes were assigned putative functions based on their conserved domains. Some genes 




COG Functional Category Number of genes 
Posttranslational modification, protein turnover, chaperones 3 
Signal transduction mechanisms 3 
Function unknown 2 
Carbohydrate transport and metablism 1 
Transcription 1 
RNA processing and modification 1 
Replication, recombination and repair 1 
Nucleotide transport and metabolism 1 
Coenzyme transport and metabolism 1 
General function prediction only 1 
Cytoskeleton 1 
 
Table 2.2. Clusters of Orthologous Groups (COG) functional categories for genes 
upregulated in asexual planarians.  
Genes were assigned putative functions based on their conserved domains. Some genes 




















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Spermatogonia Spermatocytes Spermatids 
grn +     
tsp-1  +    
msy4   + + + 
thmg-
1 
  + + + 
pde   + + + 
plastin   + + + 
tkn-2   + + + 
tkn-1    +  
tplh    + + 
pp2     + 
pka     + 
 
 
Table 2.4. Genes identified through the sexual/asexual array are expressed in 
accessory reproductive organs or enriched in different stages of germ cell 




























































































































































































































































































































































































































A SEX-SPECIFIC TRANSCRIPTION FACTOR CONTROLS MALE 
IDENTITY IN A SIMULTANEOUS HERMAPHRODITE 
 
(Data presented in this chapter is currently in press in Tracy Chong, James J. Collins, 
John L. Brubacher, David Zarkower, and Phillip A. Newmark, Nature Communications. I 
performed the experiments in this study except for experiments involving S. mansoni, 
transmission electron microscopy in asexual planarians, and phylogenetic analyses of 




Evolutionary transitions between hermaphroditic and dioecious reproductive 
states are found in different groups of animals. To understand such transitions, it is 
important to characterize diverse modes of sex determination utilized by metazoans. 
Currently, little is known about how simultaneous hermaphrodites specify and maintain 
male and female organs in a single individual. Here we show that a sex-specific gene, 
Smed-dmd-1 encoding a doublesex/male-abnormal-3 (DM) domain transcription factor, is 
required for specification of male germ cells in a simultaneous hermaphrodite, the 
planarian Schmidtea mediterranea. dmd-1 has a male-specific role in the maintenance 
and regeneration of the testes and male accessory reproductive organs. In addition, a 
homolog of dmd-1 exhibits male-specific expression in Schistosoma mansoni, a derived, 
dioecious flatworm.  These results demonstrate conservation of the role of DM domain 
genes in sexual development in lophotrochozoans and suggest one means by which 







Evolutionary transitions between hermaphroditic and dioecious reproductive 
states are found in many different groups of animals (Basch 1990; Kiontke et al. 2004; 
Eppley and Jesson 2008). To understand such transitions, it is important to characterize 
diverse modes of sex determination and differentiation utilized by sexually reproducing 
metazoans. Previous studies have described the genetic and/or environmental factors that 
determine male or female identity in developing embryos of dioecious organisms (Bull 
1980; Koopman et al. 1990; Williams and Carroll 2009). Following sex determination, a 
cascade of mechanisms promotes the differentiation of sexual organs and enables germ 
cells to adopt their sexual identity (Kimble and Crittenden 2007; Kimble and Page 2007). 
The sexual fate of germ cells in dioecious organisms may be influenced solely by the sex 
of the somatic environment (Blackler 1965; Hilfiker-Kleiner et al. 1994), or by a 
combination of cues from both the soma and germ cells (Steinmann-Zwicky et al. 1989; 
Durcova-Hills and Capel 2008; Casper and Van Doren 2009). In contrast to dioecious 
organisms, simultaneous hermaphrodites produce gametes and accessory reproductive 
organs of both sexes.  
In spite of all that has been learned about sex determination mechanisms in 
dioecious animals, little is known about how simultaneous hermaphrodites with no sex 
chromosomes specify and maintain the fates of male and female germ cells as well as 
sexually dimorphic somatic structures in the same body. In many dioecious species, 
doublesex/male-abnormal-3 (DM) domain genes play critical roles in sex-specific 
development and function (Raymond et al. 1998; Matsuda et al. 2002; Miller et al. 2003; 




Zarkower 2012). To examine whether such sex-specific functions may also function in 
simultaneous hermaphrodites, we investigated the role of DM domain genes in the 
planarian, Schmidtea mediterranea.   
Here we show that proper development of the hermaphroditic reproductive system 
in the planarian S. mediterranea is regulated by a gene encoding a DM domain 
transcription factor, Smed-Dmd-1. dmd-1 mRNA is expressed in somatic cells associated 
with the testes and in male, but not female, accessory reproductive organs. Abrogation of 
dmd-1 function results in defects in germline specification and the initial differentiation 
of the reproductive system. In addition, dmd-1 has a male-specific role in the 
maintenance and regeneration of the testes and male accessory reproductive organs. 
These results demonstrate that dmd-1 is an essential component of pathways responsible 
for inductive specification of the germline and development of a sex-specific somatic 
gonadal niche in a simultaneous hermaphrodite. We also show that a homolog of dmd-1 
exhibits sex-specific expression in Schistosoma mansoni, a derived, dioecious flatworm, 
suggesting a means by which modulation of sex-specific pathways may drive the 
transition from hermaphroditism to dioecy. Furthermore, our study of dmd-1 in two 
flatworm species provides evidence for the conservation of sex regulatory function 
between lophotrochozoans and other metazoans.  
 
Results 
Identification of Smed-dmd-1 
We identified four genes containing conserved DM domains in the genome of S. 




the predicted DM domain protein sequences did not detect significant sequence 
similarities to other DM domain proteins outside the DM domain, consistent with 
previous phylogenetic analysis of DM domain genes (Volff et al. 2003). A maximum 
likelihood analysis using only the DM domains from each gene was used to generate a 
phylogenetic tree. Although the tree had poor resolution, and low bootstrap support 
across most of the topology, it provided evidence of moderate-to-strong relationships 
between Smed-dmd-1 and homologs in Schistosoma mansoni (Sm_dmd-1 and Sm_dmd-2) 
and the liver fluke, Clonorchis sinensis (dmrt-1a and dmrt-1b) (Figure 3.1). By contrast, 
dmd-2, -3, and -4 of S. mediterranea do not have obvious close homologs in other species 
based on phylogenetic reconstructions using DM domain or BLAST comparisons using 
the full protein sequence.  
 
Expression of dmd-1 in sexual and asexual planarians 
We used whole-mount in situ hybridization (WISH) to investigate the expression 
of the four DM domain genes in the planarian, S. mediterranea. Of the four genes, only 
Smed-dmd-1 mRNA transcripts were detected in the reproductive system. We cloned four 
splice variants of dmd-1, with the longest open reading frame encoding a predicted 
protein of 341 aa (Table 3.1, Figure 3.2). An individual planarian’s reproductive system 
consists of both male and female gonads, as well as accessory reproductive organs (e.g., 
oviducts, sperm ducts, and seminal vesicles) (Newmark et al. 2008). In these 
hermaphrodites, the male gonads are located dorsolaterally and the female gonads are 
located ventrally at the base of the brain. Germline stem cells (GSCs) associated with the 




(Sato et al. 2006; Handberg-Thorsager and Salo 2007; Wang et al. 2007; Newmark et al. 
2008) (Figure 3.3a). Notably, asexual strains of planarians that reproduce strictly by 
transverse fission also contain nanos-positive germ cells, but these cells fail to 
differentiate (Sato et al. 2006; Handberg-Thorsager and Salo 2007; Wang et al. 2007; 
Newmark et al. 2008). In mature sexual animals, dmd-1 transcripts were detected by 
WISH in a subset of cells within and in close proximity to the testes (Figure 3.3b), in the 
brain (br, Figure 3.3c), and in male accessory reproductive organs (seminal vesicles, sv; 
sperm ducts, sd; and penis papilla, pp; Figure 3.3c). Using two-color fluorescent in situ 
hybridization (FISH), we found that the dorsolateral dmd-1-expressing cells reside in 
close proximity to the testes primordia in recently hatched animals (Figure 3.3d); and are 
found in the developing testes in sexually immature planarians (Figure 3.3e). Similarly, 
in the asexual strain, we detected dmd-1-expressing cells in the germ cell clusters along 
the dorsolateral region of the animal (Figure 3.3f), the location of the presumptive testes. 
We also used transmission electron microscopy (TEM) to visualize the dorsolateral germ 
cell clusters in asexual planarians. Within these germ cell clusters, we found somatic cells 
with processes surrounding the germ cells. Somatic and germ cells were distinguishable 
due to marked differences in the electron density of their cytoplasm, and peripheral 
condensations of heterochromatin in the somatic cells (Figure 3.3g). The somatic cells 
seen by TEM likely correspond to dmd-1-expressing cells. Consistent with this idea, the 
dmd-1-positive cells in the testes of mature sexual planarians did not express germ cell 
markers, including nanos (Sato et al. 2006; Handberg-Thorsager and Salo 2007; Wang et 
al. 2007), germinal histone H4 (Wang et al. 2007), and msy4 (Wang et al. 2010; Chong et 




To characterize the expression of dmd-1 in the brain, we performed two-color 
FISH to visualize the neurons and dmd-1-positive cells. A subset of dmd-1-positive cells 
in the brain co-expresses chat transcripts, a marker of cholinergic neurons (Wenemoser 
and Reddien 2010; Roberts-Galbraith and Newmark 2013), suggesting that the dmd-1-
expressing cells in the brain are neurons (Figure 3.4a). These dmd-1-positive neurons are 
detectable in animals less than 24 hours after hatching (Figure 3.4b), in asexual animals 
(Figure 3.4c), and also in planarians regenerating new brains (Figure 3.4d, Figure 3.5 for 
scheme).  
 
Expression of dmd-1 in regenerating planarians 
To examine the expression pattern of dmd-1 during the regeneration process, 
sexual planarians were amputated in the region between the ovaries and pharynx (Figure 
3.6a). We performed two-color FISH at several time points to detect dmd-1 and gH4 (to 
aid in visualization of neoblasts and germ cells) transcripts. At three days post-
amputation, we detected dmd-1-positive cells in and around the testes lobes in the old 
tissue, and in the early blastema of the regenerating anterior fragment (Figure 3.6b). 
Between seven to ten days post-amputation, dmd-1-positive cells were present in the 
blastema, as well as in and around the regressed testes lobes in the old tissue (Figure 
3.6c). At 15 days post-amputation, dmd-1-positive cells were detected within the new 
testes lobes that formed in the newly regenerated posterior end of the animal (Figure 
3.6d, right panel, top). We also observed a cluster of dmd-1-expressing cells just posterior 




suggesting that such cells may develop into the male accessory reproductive organs 
(Figure 3.6d, left and right panels, yellow box).   
 
dmd-1 is expressed in differentiating neoblast progeny 
In addition to the dmd-1-positive somatic cells in the testes, dmd-1-positive cells 
are found in close proximity to the testes lobes in the dorsolateral region. In planarians, 
pluripotent stem cells (cNeoblasts) provide new cells for regeneration and physiological 
cell turnover in the animal (Wagner et al. 2011). Neoblasts are irradiation-sensitive and 
are depleted within 24 hours following irradiation, while their differentiating progeny are 
lost with different kinetics, becoming depleted several days after irradiation (Eisenhoffer 
et al. 2008). Neoblasts express abundant smedwi-1 mRNA, whereas SMEDWI-1 protein 
is detected in neoblasts and their differentiating progeny (Reddien et al. 2005; Guo et al. 
2006). By combined FISH and immunostaining, we detected smedwi-1 mRNA and 
SMEDWI-1 protein in the dmd-1-positive cells in close proximity to the testes, 
suggesting that they could be differentiating neoblast progeny (Figure 3.7a). To test this 
idea, we irradiated asexual planarians at 100 Gy and performed qPCR to assay for dmd-1 
transcripts. By 48 hours post-irradiation, the radiation-sensitive neoblasts and germ cells 
were depleted, as indicated by a dramatic decrease in smedwi-1 and nanos transcript 
levels compared to unirradiated controls (Figure 3.7b). By contrast, dmd-1 transcript 
levels in irradiated animals decreased by ~50% relative to un-irradiated controls. By day 
7 post-irradiation, we observed a further decrease of dmd-1 transcript levels (Figure 
3.7b). These results were confirmed by FISH: we observed a reduction of dmd-1-positive 




contrast to dorsolateral dmd-1 labeling, we found no dramatic differences in the brain of 
irradiated versus control animals (Figure 3.7e). Together, these data suggest that dmd-1-
positive somatic cells associated with the testes turn over within 7 days and after 
irradiation these somatic cells are unable to be renewed by neoblasts. 
 
dmd-1 is required for male germ cell maintenance in asexuals 
To test for a functional relationship between dmd-1-expressing somatic cells and 
nanos-positive early germ cells, we first knocked down dmd-1 in asexual planarians, 
because they lack differentiated germ cells and accessory reproductive organs. 
Quantitative real-time PCR (qPCR) revealed a dramatic decrease in nanos expression in 
asexual dmd-1 knockdown animals, relative to controls (Figure 3.8a). We confirmed this 
result by FISH to detect the clusters of germ cells co-expressing gH4 and nanos. After 
dmd-1 RNAi, no gH4/nanos co-expressing germ cells were detectable in the dmd-1 
knockdown animals (Figure 3.8b). These data indicate that dmd-1 is required for the 
maintenance of the dorsolateral presumptive male germ cells in asexual planarians. We 
have been unable to assay the effect of dmd-1 knockdown on female germ cells, as under 
our experimental conditions we do not detect gH4/nanos co-expressing germ cells in the 
ovarian region of either the control or RNAi animals. Interestingly, when nanos was 
knocked down in asexual planarians, the abundance of dmd-1 transcripts, as measured by 
qPCR, was unaffected (Figure 3.8c). This result suggests that dmd-1-positive somatic 






dmd-1 is required to regenerate male germ cells de novo 
The germline of S. mediterranea can be regenerated de novo from somatic tissue 
(Wang et al. 2007), implying that the planarian germline is specified inductively 
(Newmark et al. 2008). Both nanos and dmd-1 mRNAs are detectable in sexual animals 
less than 24 hours post-hatching (Figure 3.3d), suggesting that dmd-1 may be involved in 
the inductive specification of the germline. To examine this possibility, we knocked 
down dmd-1 in sexual worms, and amputated their heads anterior to the ovaries, 
generating fragments devoid of reproductive tissue (Figure 3.9a). Previous work has 
shown that de novo specification of the planarian germline occurs between 7-14 days 
post-amputation (Wang et al. 2007). Consistent with dmd-1 being required for germ cell 
specification, we find a majority of dmd-1(RNAi) animals fail to regenerate the 
dorsolateral clusters of nanos-positive male germ cells (Figure 3.9b).  
 
dmd-1 is required for the initial development of germ cells 
To investigate the role of dmd-1 in post-embryonic development of the germline, 
we initiated dmd-1 RNAi in recently hatched planarians (<2 weeks old). At this early 
stage, nanos-positive germline stem cells are present in the gonadal primordia but the 
accessory reproductive organs have not yet developed. When the animals reached 
maturity, we found that the testes (Figure 3.10a, b) and ovaries (Figure 3.10c) were 
absent in dmd-1(RNAi) animals. These results suggest that dmd-1 is required for the 






dmd-1 is required to maintain male germ cells in sexuals 
Next, we examined the role of dmd-1 in germ cell maintenance by knocking down 
dmd-1 in sexually mature planarians with fully developed gonads and accessory 
reproductive organs. In contrast to the previous experiments on hatchlings, only the male 
reproductive system was affected. The dmd-1(RNAi) animals lost their testes but showed 
no observable defects in the ovaries (Figure 3.11a). These observations indicate that dmd-
1 is required for the maintenance of the male, but not the female, gonads in S. 
mediterranea.  
 
dmd-1 is required to regenerate male reproductive organs 
Seeing the difference in phenotype between dmd-1 knockdown in hatchlings 
versus sexually mature planarians, we also examined the function of dmd-1 in animals 
that were regenerating their reproductive system (sexually immature regenerates, Figure 
3.12). After one month of dmd-1 knockdown, most testes lobules in treated animals 
lacked spermatids and mature sperm. Animals treated for three months lost their testes 
entirely, including the nanos-positive germ cells. Ovaries, however, were normal in both 
control and dmd-1 knockdown animals, exhibiting nanos-positive germ cells and normal 
oocyte formation by DAPI staining (Figure 3.11b). These results suggest that dmd-1 is 
required for the differentiation of male germ cells during regeneration of the reproductive 
system.  
We also examined the effect of dmd-1 knockdown on accessory organs associated 
with the male and female reproductive systems. Consistent with our observations on the 




absence of sperm ducts (Figure 3.11c, black arrows) and seminal vesicles (Figure 3.11c, 
asterisks), as visualized by ISH with eyes absent (Scimone et al. 2011), a marker for 
oviducts, sperm ducts, and seminal vesicles (Figure 3.11c). Again, female structures were 
unaffected, as we found oviducts (white arrows) in both control and knockdown animals 
(Figure 3.11c). Furthermore, dmd-1 knockdown animals still produced egg capsules 
(dmd-1 RNAi: 30 egg capsules, control: 26 egg capsules; 19 animals tracked from 6th to 
9th feeding over 27 days), suggesting that not only oviducts, but all female organs 
responsible for egg production (e.g., yolk glands and cement glands –Figure 3.13) are 
functional. These findings demonstrate that dmd-1 is a component of the pathway 
required for the differentiation of male accessory reproductive organs.  
 
Sm_dmd-1 is expressed in male schistosomes 
We have shown that regeneration and maintenance of male versus female 
reproductive organs in a simultaneous hermaphrodite are directed by distinct molecular 
pathways. The presence of sex-specific pathways involved in the regeneration and 
maintenance of reproductive organs provides a plausible mechanism for the evolution of 
distinct sexes from simultaneous hermaphrodites. Though organisms within the phylum 
Platyhelminthes are largely hermaphroditic (Hyman 1951), members of the parasitic 
family Schistosomatidae exist as separate male and female sexes. The dioecy of 
schistosomes appears to be a derived feature of this clade (Basch 1990) (Figure 3.14a). 
Using qPCR, we found that in Schistosoma mansoni, the homolog of dmd-1, Sm_dmd-1, 








The contrast between the male-specific role for dmd-1 in mature sexual worms, 
and its effect on both male and female systems in hatchlings is noteworthy. These 
different effects suggest a role for the male reproductive system in the subsequent 
development of the female system, consistent with the protandrous nature of sexual 
development in S. mediterranea. This idea is also supported by the male-specific 
expression of dmd-1 mRNA, which is not detected in the ovaries of sexually mature 
animals, sexually immature regenerates, or in hatchlings. Though we cannot exclude the 
possibilities that dmd-1 plays a direct role in the initial differentiation of ovaries or that 
the male-specific phenotype in mature animals results from incomplete knockdown, the 
lack of dmd-1 expression in cells associated with female structures suggests that its effect 
on early ovarian development is an indirect consequence of impaired male development.  
In other organisms, it has been shown that interaction between the nervous system 
and gonads is critical for sexual reproduction. In mammals, sexual maturation and 
maintenance of the gonads and reproductive structures are intimately tied to the 
neuroendocrine system (Steinberger 1971; Schwartz and McCormack 1972). 
Furthermore, sexually dimorphic neurons in D. melanogaster and C. elegans regulate 
sexual behaviors (Portman 2007; Barrios et al. 2008; Kimura et al. 2008; Rezaval et al. 
2012; White and Jorgensen 2012). In planarians, the relationship between the nervous 




the brain leads to regression of the testes (Ghirardelli 1965; Wang et al. 2007). More 
recent work has demonstrated the role of neuropeptide signaling in regulating the 
planarian reproductive system, identifying a neuropeptide Y family member, NPY8, that 
is required for the development and maintenance of reproductive organs (Collins III et al. 
2010). Interestingly, dmd-1-positive cells are detected in the planarian brain at all stages 
of development and regeneration, as well as in asexuals. These neurons may potentially 
regulate various aspects of male reproductive system development and/or sex-specific 
behaviors. Examining the role of the dmd-1-positive neurons will be an important 
direction for future research. 
This work provides evidence for a conserved role of the DM domain gene family 
in sexual development in lophotrochozoans. To date, DM domain genes across the animal 
kingdom have been shown to function at different positions in the sexual development 
hierarchy. In the ecdysozoans C. elegans and D. melanogaster, DM domain proteins 
regulate the development of sexually dimorphic somatic features (Williams and Carroll 
2009; Matson and Zarkower 2012). We have shown here that in planarians, a member of 
the lophotrochozoan clade, dmd-1 has a similar role – this transcription factor regulates 
the formation of male somatic structures like the penis papilla, sperm ducts, and seminal 
vesicles. In addition, it is probable that dmd-1 in planarians acts cell non-autonomously to 
specify male germ cells and to regulate their differentiation and maintenance – roles more 
commonly found for DM domain proteins in vertebrates (Matson and Zarkower 2012; 
Zarkower 2013). Elucidating the mechanisms by which dmd-1 functions in planarians 
will contribute to our understanding of how the DM domain gene family acts as a central 




identifying the downstream targets of dmd-1 could help reveal the nature of the signal(s) 
that specify germ cells in planarians.  
 Previous studies in nematodes have shown that transitions between different 
mating systems can occur via mutations that affect the sex determination pathway and the 
regulation of gamete physiology with few pleiotropic effects on the organism (Braendle 
and Felix 2006; Baldi et al. 2009). Phylogenetic analyses suggest that dmd-1 and dmd-2 
in the schistosome, S. mansoni, are derived from an ancestral Platyhelminthes dmd-1 
gene that duplicated in the trematode lineage after its divergence from the planarians 
(Figure 3.1). In the case of planarians and schistosomes, the male-specific expression of 
dmd-1 is conserved in a simultaneous hermaphrodite and a derived, dioecious flatworm. 
This conservation is consistent with the idea that independently regulated sex-specific 
developmental pathways could serve as plausible substrates for transitions between 
distinct mating systems. Further characterization of deeply conserved genes like dmd-1 
that have sex-specific roles in simultaneous hermaphrodites and that retain sex-specific 
expression in dioecious species will provide a tractable system in which to investigate the 





Figure 3.1. Molecular phylogenetic analysis of DM domains by maximum likeli-
hood method.  
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The phylogenetic tree with the highest log likelihood after 500 bootstrap replicates is 
shown. The tree is drawn to scale with branch lengths measured as the number of substi-
tutions per amino acid (scale bar). The percentage of trees in which associated taxa 
clustered together in more than 50% of bootstrap replicates is shown next to branches.  
Branches involving genes from Platyhelminthes species are colored red. The following 
species were used for phylogenetic analysis and are designated in the figure by genus 
name. Lophotrochozoans: the planarian Schmidtea mediterranea; the flukes Schisto-
soma mansoni and Clonorchis sinensis; the leech Helobdella robusta, and the mollusk 
Crassotrea gigas. Ecdysozoans: the branchiopod crustacean Daphnia magna; the tick 
Ixodes scapularis; the bee Apis mellifera; the fly Drosophila melanogaster; and the 
nematode worm Caenhorabditis elegans. Other metazoan taxa were the anemone Nema-
tostella vectensis and four chordates: the cephalochordate Branchiostoma floridae 
(amphioxus); the hemichordate Saccoglossus kowalevskii (acorn worm); and the verte-
brates Mus musculus (mouse) and Oryzias latipes (medaka fish).  Pfam or GenBank 
accession numbers are indicated.  Helobdella sequences are available at 
http://genome.jgi-psf.org/Helro1/Helro1.home.html.  For proteins with two DM 
domains, the two domains are indicated as DM1 or DM2.
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Figure 3.2. Splice variants of dmd-1 and regions of the gene that were used for 
RNAi experiments. 
We have identified four splice variants of dmd-1, with the longest open reading frame 











































Figure 3.3. dmd-1 is expressed in the somatic cells of the male reproductive system.
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Figure 3.3. (cont.)
(A) Generalized reproductive system in sexual planarian. Left, testes (blue) are located 
dorsolaterally. Right, ovaries (pink) are located more ventrally at base of the brain. 
nanos-positive germline stem cells of the testes and ovary (green). Accessory reproduc-
tive structures (grey). (B) WISH showing dmd-1 transcripts in and around (arrows) the 
testes in a sexually mature planarian. (C) Ventral view of the animal showing dmd-1 
transcripts in the brain (br), sperm ducts (sd), seminal vesicles (sv), and penis papilla 
(pp) of a sexually mature planarian. (D-F) Single confocal sections showing two-color 
FISH for dmd-1 (green) and nanos (magenta) mRNAs in the testes primordia of animals 
< 24 hours after hatching (D), developing testes of sexually immature planarians (E), 
and germ cell clusters in asexuals (F). (G) TEM showing germ (gc) and somatic cells 
(sc, nucleus pseudo-colored green, arrows indicate processes) in an asexual planarian. 
(H-J) Single confocal sections showing two-color FISH for dmd-1 (green) and germ cell 
markers (magenta). Somatic cells expressing dmd-1 in the testes do not express germ 
cell markers nanos (H, 124/125 cells are dmd-1+/nanos-), gH4 (I, 136/136 cells are 
dmd-1+/gH4-), and msy4 (J, 129/129 cells are dmd-1+/msy4+). Cell counts were 
performed from 25-38 testes lobes in at least two animals. Insets, magnified views show 
cells expressing dmd-1 transcripts. Scale bars: B,C, 1000 μm; D-F, 5 μm; G, 1 μm; H-J, 
25 μm.
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Figure 3.4. dmd-1 is expressed in the neurons in the planarian brain.
(A) Left, two-color FISH of dmd-1 and chat transcripts in the brain of a sexual planar-
ian. Right, single confocal section showing cells co-expressing dmd-1 mRNA (green) 
and chat transcripts (magenta), a marker of cholinergic neurons. (B) dmd-1 transcripts, 
detected by FISH, in the brain of animals less than 24 hours after hatching. (C) dmd-1 
transcripts, detected by FISH, in the brain of an asexual planarian. (D) FISH to detect 
dmd-1 transcripts in animals during brain regeneration. The sperm ducts (sd) in the old 
tissue are still present in day 3 regenerates, but are barely visible due to regression in 
day 7 and day 15 regenerates. (A-D) Images shown are confocal projections. Scale bars: 




regenerate Fix at 3, 7, and 15 days post-amputation
Perform in situ to detect dmd-1 transcripts. 
Figure 3.5. Experimental scheme for head regeneration. 
Animals were amputated between the ovaries and pharynx and allowed to regenerate 
new heads.  
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Figure 3.6. Expression of dmd-1 in regenerating planarians.
(A) Animals were amputated between the ovaries and pharynx and allowed to regener-
ate missing posterior structures. (B-D) Two-color FISH showing dmd-1 (green) and 
gH4 (magenta) mRNAs in the old tissue and regenerating blastema (rb) of anterior 
fragments at day 3 (B), day 10 (C), and day 15 (D) post-amputation. Yellow boxes in 
(D) show location of the developing copulatory apparatus. Dotted lines in the left 
panels show amputation plane. Scale bars, 0.2 mm.   
amputation
allow to regenerate
Fix at 3, 7, 10 and 15 days post-amputation
Perform in situ to detect dmd-1 and gH4 
transcripts. 
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(A) Single confocal section showing two-color FISH combined with immunostaining in 
mature sexual animals. dmd-1 cells in close proximity to the testes express smedwi-1 
transcripts (grey), a marker of neoblasts. SMEDWI-1 protein (red), a marker of 
neoblasts and differentiating neoblasts is also detected in these dmd-1-positive cells. 
Arrows indicate dmd-1-positive cells within the dashed box. (B) qPCR showing relative 
levels of smedwi-1, nanos, and dmd-1 mRNAs in irradiated (100 Gy) versus unirradi-
ated asexual planarians 48 hours and 7 days post-irradiation. Error bars indicate 95% 
confidence intervals calculated based on standard error of the mean, results are the mean 
from 3 independent experiments using pools of 8 planarians. (C) 48 hours after irradia-
tion, dmd-1-positive cells (arrows) are present in the dorsolateral region of the animal, 
albeit in fewer numbers, compared to control animals. Magnified views of cells express-
ing dmd-1 transcripts (insets). dmd-1 transcripts were detected by FISH. Images shown 
are single confocal sections. (D) 7 days after irradiation, dmd-1-positive cells are rarely 
detectable in the dorsolateral region of the animal. dmd-1 transcripts were detected by 
FISH. Images shown are single confocal sections. (E) Confocal projection showing that 
dmd-1-positive cells (detected by FISH) are still present in the brain at 48 hours and 7 































































































































Figure 3.8. dmd-1 is required for maintenance of presumptive male germ cells in 
asexuals.
(A) qPCR showing decreased nanos transcript levels in dmd-1(RNAi) versus control 
asexuals. Error bars indicate 95% confidence intervals calculated based on standard 
error of the mean, n=8 individual animals. (B) Loss of gH4+/nanos+ germ cell clus-
ters (asterisks) in dmd-1(RNAi) asexuals. gH4+/nanos- cells in dmd-1(RNAi) animals 
are somatic neoblasts. Images shown are single confocal optical sections; gH4 and 
nanos mRNAs are detected by two-color FISH. (C) qPCR showing that dmd-1 tran-
script levels in nanos(RNAi) versus control asexuals remain unchanged. Error bars 
indicate 95% confidence intervals calculated based on standard error of the mean, 
results are the mean from 3 independent experiments using pools of 9 planarians. 
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14 days post- amputation
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dmd-1 RNAicontrol
Figure 3.9. dmd-1 is required for male germ cell specification. 
(A) Experimental scheme for generating animals devoid of germ cells and reproductive 
structures. Only animals that had successfully regenerated (indicated by presence of 
pharynx) were scored. (B) By 14 days post-amputation, planarians devoid of germ cells 
regenerate dorsolateral nanos-positive cells; dmd-1(RNAi) animals fail to regenerate 
dorsolateral nanos-positive cells. Images shown are single confocal sections; nanos 






























Figure 3.10. dmd-1 is required for the initial development of the reproductive 
system.
(A) Whole-mount images showing nanos transcripts (detected by FISH) present in 
control but not dmd-1(RNAi) animals. The testes lobes are visible by DAPI staining in 
the control but not dmd-1(RNAi) animals. (B) The testes are absent and nanos-positive 
germline stem cells are not detected in dmd-1(RNAi) animals. (C) The ovaries are 
absent and nanos-positive germline stem cells are not detected in dmd-1(RNAi) 
animals. Inset, magnified view of oocyte. (B, C) Images shown are single confocal 





























































nanos mRNA nanos mR
Figure 3.11. dmd-1 is required for differentiation and maintenance of male germ 
cells.
(A) FISH was performed to detect gH4 transcripts in the testes and ovaries of control 
and dmd-1(RNAi) animals. Whole-mount images show the loss of testes in knockdown 
but not control animals; the ovaries are unaffected by the knockdown. (B) The testes 
and ovaries of control and dmd-1(RNAi) animals visualized by DAPI and FISH to 
detect nanos transcripts. Top panels, whole-mount images showing the testes of control 
and knockdown animals after 5 or 12-13 RNAi treatments. Center panels, single 
confocal sections showing dmd-1(RNAi) animals lacking differentiated germ cells in 
the testes (5 treatments, 1 month) or devoid of testes entirely (12-13 treatments, 3 
months). Bottom panels, single confocal sections showing ovaries with normal oocyte 
formation (arrow, inset) in control and knockdown animals. (C) Sperm ducts (black 
arrows) and seminal vesicles (asterisks) are absent after dmd-1 RNAi, oviducts are 
unaffected (n=0/5 had sperm ducts/seminal vesicles, compared to 5/5 in controls; n=4/5 
had oviducts, compared to 5/5 in controls). These components of the male and female 
reproductive system were visualized by WISH to detect eyes absent transcripts. 
Scale bars: A, B (whole-mounts), C, 500 μm; B, 20 μm.
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reproductive system. 




Initiate dmd-1 dsRNA 
feeding. 
Figure 3.12. Experimental scheme for generating sexually immature regenerates.
Sexually mature planarians were amputated. After 14 days, the animals were fed liver 
to enable regeneration of their reproductive system. About one month post-amputation, 
the sexually immature regenerating animals were used for RNAi experiments. 
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Figure 3.13. Female organs are present in dmd-1(RNAi) animals. 
The sperm ducts visualized by FISH to detect grn transcripts (green) are absent in 
dmd-1(RNAi) animals compared to controls. Meanwhile, the glands associated with 
egg laying (tsp-1 RNA, magenta) are present in dmd-1(RNAi) and control animals. 






































Figure 3.14. A homolog of dmd-1 shows male-specific expression in the derived, 
dioecious flatworm S. mansoni.
(A) Simplified phylogenetic tree of the Platyhelminthes, adapted from Phylogenetic 
relationships of Platyhelminthes based on 18S ribosomal gene sequences (Campos et al. 
1998). Members of the Platyhelminthes are largely hermaphroditic (   ); separate male 
(♂) and female (♀) sexes in the schistosomes are a derived feature of this clade. (B) 
qPCR showing male-specific expression of a dmd-1 homolog in the male S. mansoni. 
Error bars indicate 95% confidence intervals calculated based on standard error of the 
mean, results are the mean from pools of male or female schistosomes harvested from 3 
separate mice. 
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Primers for cloning 
 
dmd-1 
3’ RACE outer: AACCATCGTCGAAATTGTCCG 
3’ RACE inner: TGTGTCCCTGTCCATTGTGT 
5’ RACE outer: AACTGCTGTGACTGGTGTCG 
5’ RACE inner: TGTCGTTGGCAATATTGGAG 
Full-length F: AACATGAATTTAACTCAATGCCATTC 
Full-length R: CAATTGAATAAATACAGGTCTTTTCAATG 
 
dmd-2 
3’ RACE outer: TTTAAATCAAATCTTAAATGTTTGCAG 
3’ RACE inner: GCAGCCTAGGCAAATGTTTT 
 
dmd-3 
3’ RACE outer: TCTCGAGAACACCAAAATGC 
3’ RACE inner: GTCGAAACCACGGTGTTGTA 
 
dmd-4 
3’ RACE outer: TGGACAAAGAATCCAAAAAGTG 
3’ RACE inner: ATTAATGCAGCCCCCTCTTT 
 
Primers for qPCR 
 
Smed_dmd-1 F: GACGTCAAACCGAATTTACTGA 
Smed_dmd-1 R: TTTCACCGGCAACAACTG 
 
smedwi-1 F: GATTACGATTCGTGGTCGTG 
smedwi-1 R: CTGTGCCTTTAGGAACGTCA 
 
nanos F: CAAGGACAAATGTTGCCTGTA 
nanos R: CAACCCATCGATCCAACTCT 
 
β-tubulin F: TGGCTGCTTGTGATCCAAGA 
β-tubulin R: AAATTGCCGCAACAGTCAAATA 
 
Sm_dmd-1 F: GGACATGGTATGTCTGAACCAG 
Sm_dmd-1 R: TGTTGGGCTACTATACGACGAC 
 
Sm_cytochrome c oxidase F: GTGGGAGTCTTTGGTTGTTG  




Table 3.2. Primers used for cloning and qPCR. 
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Asexuals (dmd-1 dsRNA) 7 feedings, ~6 weeks 
Asexuals (nanos dsRNA) 6 feedings, ~5 weeks 
Animals devoid of germ cells (dmd-1 dsRNA) 2 feedings over 8 days before 
amputation 
Recently hatched planarians (dmd-1 dsRNA) 9 feedings, ~2 months 
Sexually mature planarians (dmd-1 dsRNA) 12-14 feedings, ~ 2 months 
Sexually immature regenerates, examination of 
testes and ovaries (dmd-1 dsRNA) 
5 feedings, ~ 1 month, 12-13 
feedings, ~ 3 months 
Sexually immature regenerates, examination of 
sperm ducts/seminal vesicles/oviducts (dmd-1 
dsRNA) 
20 feedings, ~ 5 month 
 
 




CONCLUSIONS AND FUTURE DIRECTIONS 
 
The work presented in this thesis was initiated with the goal of better 
understanding the diverse methods organisms use to reproduce sexually. Specifically, I 
developed tools to visualize components of the hermaphroditic reproductive system of 
the freshwater planarian, Schmidtea mediterranea, and identified a gene that controls 
male identity in the animal. This work provides a foundation for understanding how 
simultaneous hermaphrodites specify, differentiate, and maintain both male and female 
germ cells/ reproductive organs in the same animal.  
One of the challenges of studying sexual reproduction in the planarian was the 
lack of molecular markers to visualize its reproductive system. To overcome this, I set 
out to characterize the planarian’s hermaphroditic reproductive system, as described in 
Chapter 2. I performed an in situ hybridization screen based on a microarray analysis to 
identify genes that were expressed in the planarian reproductive system. From the screen, 
I found 24 genes that are enriched in distinct cell types in the planarian testes and 
accessory reproductive organs, providing a useful resource to label the different stages of 
germ cell differentiation. Using another approach, I tested out several commercially 
available reagents that could potentially label various components of planarian 
reproductive organs. Several antibodies and fluorescent-lectin conjugates successfully 
labeled the testes and reproductive organs like the sperm ducts, seminal vesicles, 
oviducts, bursa, and bursa canal. The ability to visualize the different components of the 
reproductive system improved our understanding of the planarian’s anatomy and has 
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proven useful during ongoing efforts to functionally identify genes involved in sexual 
development.  
 The presence of both male and female reproductive structures in a single animal is 
fascinating, as the animal has to coordinate the development of these structures at the 
right time and place. In Chapter 3, I examined a conserved transcription factor from the 
DM (doublesex/male-abnormal-3) gene family. DM domain genes have sex-specific 
functions in many dioecious species (Raymond et al. 1998; Matsuda et al. 2002; Miller et 
al. 2003; Haag and Doty 2005; Smith et al. 2009; Kato et al. 2011; Matson et al. 2011; 
Matson and Zarkower 2012) and we wanted to know if such sex-specific roles also exist 
in simultaneous hermaphrodites. First, I showed that Smed-dmd-1 is expressed in the 
planarian brain and in male, but not female, reproductive structures. dmd-1 is expressed 
in the somatic cells of the testes and is required for the specification, differentiation, and 
maintenance of male germ cells. Abrogation of dmd-1 by RNAi resulted in mature 
animals that lost their male gonads and reproductive organs, but still maintained their 
female organs and egg-laying capability. Finally, we found that the male-specific 
expression of dmd-1 is retained in the more derived, dioecious flatworm Schistosoma 
mansoni. Based on this work, I propose that a male-specific niche, regulated by dmd-1, is 
required for the male reproductive system in S. mediterranea and to specify the sexual 
identity of male germ cells. To our knowledge, this is the first example of a sex-specific 
role of DM domain genes in a simultaneous hermaphrodite. In addition, conservation of 
the male-specific expression of dmd-1 in a more derived, dioecious species supports the 
idea that sex-specific developmental pathways could serve as plausible substrates for 
transitions between mating systems.  
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The work presented in this thesis describes our efforts to improve the techniques 
available to characterize the planarian reproductive system, and the identification of dmd-
1, a gene required for “maleness” in the planarian. Our findings provide a solid 
foundation to examine further the process of sex determination and germ cell 
development. Nevertheless, several aspects of sex determination and sexual development 
in the planarian remain unclear. 
 Now that we have identified dmd-1, a key player that is required for maintaining 
“maleness” in a simultaneous hermaphrodite, the next question is what other genes 
regulate or are regulated by it? To answer this question, we took advantage of the fact 
that the dmd-1-positive cells are not dependent on germ cells, as mentioned in Chapter 3 
(Figure 3.9C). When dmd-1 is knocked down in asexual planarians, the nanos-positive 
germline stem cells are ablated. However, when nanos is knocked down, dmd-1 
expression levels were unaffected. We hypothesize that genes whose expression levels 
change in dmd-1, but not nanos knockdowns, are likely to regulate or be regulated by 
dmd-1. To identify these genes, I sequenced the transcriptome (RNA-seq, Illumina 
HiSeq2000 platform) of dmd-1(RNAi) and nanos(RNAi) asexuals. Preliminary analyses 
have resulted in the identification of candidate genes that are downregulated in dmd-1, 
but not nanos knockdowns. Together with in situ hybridization, we hope to identify genes 
that are specifically expressed in dmd-1-positive cells. Further functional characterization 
of these genes by RNAi will enable us to determine if abrogation of any of these genes 
result in sex-specific defects like the dmd-1(RNAi) phenotype.  
 The second approach would be to use chromatin immunoprecipitation (ChIP) 
followed by sequencing to identify direct targets of dmd-1. To perform ChIP, we would 
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first need to generate an antibody that would recognize dmd-1. We would then precipitate 
and enrich for DNA fragments bound by dmd-1. Using next generation sequencing, the 
identity of genes that are transcriptionally regulated by dmd-1 can be identified.  
Furthermore, identifying the downstream targets of dmd-1 could help reveal the 
nature of the signal(s) that specify germ cells in planarians. This is an area of interest as 
when it comes to understanding how germ cells are formed, many questions remain 
unanswered. I proposed that it is likely that the dmd-1-positive somatic cells in the testes  
turn over within a week and are renewed by differentiating neoblast progeny. However, it 
is not known whether once specified, the nanos-positive germline stem cells are able to 
self-renew or if, like the dmd-1-positive somatic cells, they constantly turn over and need 
to be renewed by neoblasts. Also, planarians have great plasticity and their reproductive 
system can grow and be resorbed depending on environmental conditions. During periods 
of growth, are new germline stem cells specified or do existing germline stem cells 
divide/migrate to form more germ cells? 
 At this point, the mechanisms by which male and female germ cells in the 
planarian gain their sexual identity are not fully understood. In dioecious organisms that 
have been studied, the sexual identity of germ cells can be influenced either solely by 
their somatic environment (Blackler 1965; Hilfiker-Kleiner et al. 1994; Yoshizaki et al. 
2010), or by a combination of cues from both the soma and germ cells (Steinmann-
Zwicky et al. 1989; Durcova-Hills and Capel 2008; Casper and Van Doren 2009). In 
planarians, germ cells are thought to derive from neoblasts (Baguñà et al. 1989). The 
neoblasts will develop into either male or female germ cells at specific locations in the 
animal (Ghirardelli 1965). One hypothesis is that niche-like signals instruct the neoblasts 
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to differentiate into either male or female germ cells. In the case of dmd-1, it is likely that 
dmd-1 regulates a “male” signal that instructs neoblasts in the dorsolateral region to 
differentiate into male germ cells. At this point, it remains to be determined if there is a 
corresponding “female” signal that instructs neoblasts in the ventral region beneath the 
cephalic ganglia to differentiate into female germ cells. If there are “male” and “female” 
signals, do they maintain their respective germ cells’ sexual identity by suppressing the 
signal of the opposite sex? A recent study showed that the abrogation of Dmrt1, a DM 
domain gene in fetal and adult Sertoli cells in the mouse testes resulted in the Sertoli cells 
expressing the female-promoting gene, Foxl2, and taking on a female fate (Matson et al. 
2011). As we identify more female-specific markers in the planarian, careful examination 
of the testes in dmd-1 knockdown animals would tell us if the somatic/germ cells in the 
testes take on female fate as they lose dmd-1 expression.  
The interaction between the nervous system and gonads has been shown to be 
critical for sexual development in many organisms (Steinberger 1971; Schwartz and 
McCormack 1972; Kimura et al. 2008; Rezaval et al. 2012), including planarians 
(Ghirardelli 1965; Wang et al. 2007; Collins III et al. 2010). It is very interesting that 
dmd-1 is expressed in the planarian at all stages of development and regeneration, as well 
as in asexuals. Based on two-color FISH, we know that a subset of dmd-1-positive cells 
in the brain are cholinergic neurons (Chapter 3, Figure 3.4A). Recent work has 
demonstrated that a neuropeptide Y family member, NPY8, is required for the 
development and maintenance of the planarian reproductive system (Collins III et al. 
2010). Seeing that there are distinct populations of cells expressing neuropeptide 
prohormone genes in the planarian brain (Collins III et al. 2010), it would be interesting 
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to examine if these dmd-1-positive cells in the brain co-express neuropeptides or if they 
are a previously unidentified population of neurons. As these neurons may potentially 
regulate various aspects of the male reproductive system development and/or sex-specific 
behavior, characterizing these dmd-1-positive neurons is an important direction for future 
research.  
 From an evolutionary perspective, the conserved male-specific expression of 
dmd-1 in the hermaphroditic S. mediterranea and the dioecious S. mansoni deserves 
further attention. In our study, we measured dmd-1 transcript levels in the male S. 
mansoni by qPCR. To follow up, it would be useful to determine if dmd-1 is expressed in 
the male reproductive organs of S. mansoni, as it is not yet known which cell-types or 
organs in the animal express this gene. Next, the function of dmd-1 in S. mansoni can be 
characterized by knocking down the gene and observing biological processes that are 
affected. Previous studies in nematodes have shown that by disrupting two genes – one in 
the sex determining pathway and another that regulates gamete physiology, a male worm 
could be transformed into a hermaphrodite (Braendle and Felix 2006; Baldi et al. 2009). 
Elucidating the sex determination mechanisms in both hermaphroditic planarians and 
dioecious schistosomes will allow us to perform comparative analyses in order to identify 
modifications that enabled the transition between the two mating systems. 
To conclude, we have shown that the hermaphroditic planarian, Schmidtea 
mediterranea and the dioecious schistosome, Schistosoma mansoni, are good models to 
study various aspects of sexual reproduction especially since they are closely related 
species with different mating systems (Hyman 1951). The molecular tools and genomic 
resources available for both these organisms will enable us to perform functional and 
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comparative studies to gain insight into the mechanisms used for sex determination and 
germ cell development. As members of the lophotrochozoan clade, knowledge gained 
from these two species will contribute to our understanding of mechanisms underlying 





MATERIALS AND METHODS 
 
Planarian culture 
Sexual S. mediterranea were maintained in 0.75x Montjuïc salts at 18°C and 
asexuals in 1x Montjuïc salts at 21°C (Cebrià and Newmark 2005; Wang et al. 2007) or 
Instant Ocean (Instant Ocean, Blacksburg, VA). Animals were fed with organic calf liver 
and starved at least 1 week before use in all experiments.  
Sexually mature animals were used for all in situ hybridization, immuno and 
lectin experiments in Chapter 2. Schemes for obtaining regenerating animals and animals 
devoid of reproductive tissue/sexually immature regenerates are provided in Chapter 3. 
 
Sequences for oligonucleotide arrays used to compare differential gene expression 
between asexual and sexual planarians  
Sequences from three S. mediterranea EST libraries (Sanchez Alvarado et al. 
2002; Zayas et al. 2005) were obtained from NCBI and assembled into 17,568 unique 
sequences using a variety of approaches (e.g. BLAST, Sequencher and CAP3, and hand 
curation). These sequence data were used to generate an oligonucleotide array that was 
submitted to Roche Nimblegen (Madison, WI) for probe creation. Of the 17,568 
sequences submitted, 628 had no suitable regions for probe creation; 129 shared all their 
probes with 1 other sequence; 12 shared all their probes with 2+ other sequences; and 357 
had suitable sequence available for less than 10 probes. After these considerations, the 
oligonucleotide array had probes representing 16,786 ESTs. Each gene was represented 
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by 10 probe pairs with a mean length of 60 nucleotides.  
 
RNA extraction and purification for custom oligonucleotide arrays 
Total RNA was extracted from equivalent weights of asexual and sexual animals 
using a modified Trizol (Invitrogen, Carlsbad, CA) protocol that included an optional 
spin after homogenization and isopropanol/high salt solution precipitation. RNA was 
treated with RNase-free DNAse (Promega, Madison, WI) using standard protocols, 
purified using an RNeasy Mini Spin kit (Qiagen, Valencia, CA), and quantified with both 
a Nanodrop ND-1000 spectrophotometer (Thermo Fisher Scientific, Waltham, MA) and 
an Agilent 2100 Bioanalyzer (Agilent Technologies, Santa Clara, CA). The purified RNA 
samples were sent to Roche Nimblegen (Madison, WI) for labeling and hybridization to 
custom oligonucleotide arrays. 
 
Oligonucleotide array data analysis 
Expression data were received from Roche Nimblegen (Madison, WI) and EST 
calls were generated using the Robust Multichip Average (RMA) algorithm (Irizarry et 
al. 2003a; Irizarry et al. 2003b). Z-scores were calculated to assess differential 
expression. Microarray data have been deposited in the Gene Expression Omnibus 
(Accession number GSE32450). 
 
Cloning of DM domain genes 
mRNA sequences for dmd-1, 2, 3 and 4 were determined using 5’ and 3’ RACE 
(RLM-Race kit, Ambion, Austin, TX) with total RNA extracted using Trizol Reagent 
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(Invitrogen, Carlsbad, CA). PCR products were TA cloned (Rapid DNA Ligation Kit, 
Roche, Mannheim, Germany) into Eam11051-digested (Thermo Scientific, Logan, UT) 
pJC53.2 (Addgene ID: 26536) and transformed into DH5α cells. Full-length dmd-1 
cDNA was isolated by PCR amplification (Phusion High-Fidelity PCR Master Mix, 
Finnzymes, Vantaa, Finland), incubated with Taq polymerase and 10 mM dATP, TA 
cloned into pJC53.2 and transformed into DH5α. Identity of clones was verified by 
sequencing. Primer sequences are listed in Table 3.2. 
 
Riboprobe synthesis 
For Chapter 2, riboprobes for in situ hybridization were generated using clones 
from the hermaphroditic S. mediterranea EST Database (Zayas et al. 2005) as templates. 
For Chapter 3, full-length dmd-1 in pJC53.2 was used as template to generate riboprobes 
for in situ hybridization (ISH). IVT reactions with T3 RNA polymerase were performed 
using standard approaches with either digoxigenin-12-UTP (Roche, Mannheim, 
Germany), fluorescein-12-UTP (Roche, Mannheim, Germany), or dinitrophenol-11-UTP 
(PerkinElmer, Waltham, MA). Riboprobes were synthesized for 4-5 hours at 37°C, 
treated with RNase-free DNase (Fisher Scientific, Pittsburg, PA), and precipitated with 
ammonium acetate and ethanol.  
 
Whole-mount in situ hybridization 
For whole-mount ISH, animals were killed with 5-10% N-acetyl-cysteine (Sigma-
Aldrich, St. Louis, MO) for 8-11 minutes, then fixed in 4% formaldehyde in PBTx (1× 
PBS + 0.3% Triton X-100) for 20-30 minutes at room temperature (Pearson et al. 2009). 
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The strength and times of treatment/fixation was dependent on size and condition 
(regenerating vs. intact) of the animals. Animals were bleached in 6% H2O2 in MeOH 
overnight (Pearson et al. 2009) or in formamide/H2O2 for 2-3 hours (King and Newmark 
2013). Before bleaching in H2O2 in MeOH, animals were permeabilized and reduced 
(Pearson et al. 2009). Following bleaching, animals were treated with Proteinase K (5-10 
µg/ml, 20 minutes – 1 hour, depending on size and condition) followed by postfixation 
(Pearson et al. 2009). Riboprobe concentration for hybridization ranged from 0.1 – 0.3 
ng/µl. Following post-hybridization washes and blocking, animals were incubated in 
either anti-digoxigenin alkaline phosphatase (1:2000 [Roche, Mannheim, Germany]), 
anti-digoxigenin peroxidase (1:1000 [Roche, Mannheim, Germany]), anti-fluorescein 
peroxidase (1:1000 [Roche, Mannheim, Germany]) or anti-dinitrophenol peroxidase 
(1:100 [PerkinElmer, Waltham, MA]) overnight at 4°C. Samples were washed and 
developed with Fluorescein-, Cy3-, or TAMRA-Tyramide using the manufacturerʼs 
protocol (PerkinElmer, Waltham, MA)29 or in TSA buffer (2 M NaCl, 0.1 M Boric acid, 
pH 8.5) (King and Newmark 2013). For two-color ISH, the peroxidase after the first 
tyramide development was quenched with either 2% H2O2 in PBTX, 1 hour, or 0.1% 
sodium azide in 1x PBS, 30 minutes, followed by several washes before subsequent 
antibody incubation. 
 
Whole-mount immunofluorescence and fluorescent lectin-conjugate staining 
Planarians were killed with 2% HCl for 5 minutes on ice and fixed for 2 hours 
with either methacarn (methanol: chloroform: acetic acid [6:3:1]), or 4% formaldehyde in 
1x PBS. Following formaldehyde fixation, animals were bleached in 6% H2O2 in 1x PBS 
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for one or two nights depending on size/pigmentation. For methacarn fixation, animals 
were incubated in methanol (MeOH) for 1-2 hours before bleaching in 6% H2O2 in 
MeOH and then rehydrated in a 75, 50, 25% MeOH/PBTX (1x PBS + 0.3% Triton X-
100) gradient. For both methacarn and formaldehyde fixed samples, animals were 
washed twice (five minutes each) with PBTX, and incubated in blocking buffer (0.6% 
IgG free BSA, 0.45% fish gelatin in PBTX) for 2-4 hours.  
Primary antibody incubation was performed overnight at 4°C at the following 
concentrations (dilutions in blocking buffer): carbonic anhydrase II human erythrocytes 
rabbit polyclonal antibody (1:100 [Bioscience Research Reagents (formerly Chemicon 
International), Temecula, CA, AB1828]), phospho-tyrosine mouse monoclonal antibody 
(1:500 [Cell Signaling Technology, Beverly, MA, 9411]), anti-tubulin δ2 rabbit 
polyclonal antibody (1:200 [Millipore, Billerica, MA, AB3203]), rabbit pre-immune 
serum/anti-muscle (1:500 [generated by Francesc Cebrià and Tingxia Guo, (Forsthoefel 
et al. 2011)]). After at least six one-hour washes in PBTX, animals were incubated in 
secondary antibody (goat anti-rabbit Alexa 568, 1:1000 [Molecular Probes, Invitrogen, 
Carlsbad, CA, A11036]; goat anti-mouse Alexa 488, 1:400 [Molecular Probes, 
Invitrogen, Carlsbad, CA, A11029]) overnight at 4°C.  
For staining with lectins, samples were incubated overnight at 4°C with FITC- or 
rhodamine-conjugated lectins (1:500 [Vector Laboratories, Burlingame, CA]) diluted 
from 2mg/ml stocks in blocking buffer. All immuno and lectin samples were 





Eighty-four DM domain sequences from 74 proteins (ten had two DM domains) 
were obtained from the Pfam 26.0 database (http://pfam.sanger.ac.uk) and were aligned 
using CLUSTALW (Larkin et al. 2007) (www.genome.jp/tools/clustalw/). Phylogenetic 
reconstruction was performed using MEGA 5.05 (Tamura et al. 2011) to perform model 
testing and maximum likelihood testing.  Model choice was performed using the Baysian 
information criterion (BIC) to select the optimal model for amino acid substitutions, 
which was the General Reverse Transcriptase model plus Gamma distributed rate 
variation (Dimmic et al. 2002).  Evolutionary history was inferred by maximum 
likelihood analysis. Nodal support was estimated using 500 bootstrap replicates.  An 
initial tree for the heuristic search (using nearest neighbor interchange) was obtained 
automatically from a neighbor-joining tree.  A discrete Gamma distribution was used to 
model evolutionary rate differences among sites (five categories; +G parameter = 
0.9267).  All ambiguous positions were removed for each sequence pair and there were a 
total of 55 positions in the final dataset. 
 
Irradiation  
Asexual planarians were exposed to 100 Gy of gamma irradiation using a 
Gammacell 220 Excel with a cobalt-60 source (Nordion, Ottawa, ON, Canada) in 2 ml of 






Truncated 3’ RACE products cloned in pJC53.2 were used as templates to 
generate dmd-1 dsRNA (sequences in Table 3.1). Animals were fed dsRNA-containing 
bacteria (hatchlings, sexually immature regenerates, mature adults) or dsRNA generated 
by in vitro transcription (IVT) (asexuals, mature adults, animals for de novo 
regeneration). Animals were fed sufficient dsRNA/liver to ensure excess after the animals 
had eaten. 
To generate dsRNA by IVT, templates cloned into pJC53.2 were amplified with a 
modified T7 oligonucleotide (GGATCCTAATACGACTCACTATAGGG) and cleaned 
up with the DNA Clean & Concentrator kit (Zymo Research, Orange, CA, D4003) 
(Collins III et al. 2010). Each 20 µl IVT reaction [2 µl 10x high yield transcription buffer 
(0.4 M Tris pH 8.0, 0.1 M MgCl2, 20 mM spermidine, 0.1 M DTT), 5 µl 25 mM rNTP 
(Promega, Madison, WI), 1 µl T7 polymerase, 1 µl thermostable inorganic 
pyrophosphatase (TIPP, 2000U/ml) (New England Biolabs, Ipwich, MA), 0.5 µL 
recombinant ribonuclease inhibitor (RNasin, 2500U/ml) (Promega, Madison, WI) and 
0.5-2.5 µg of PCR product] was incubated at 37°C overnight, then treated with 1 µL of 
RQ1 RNase-free DNase (Fisher Scientific, Pittsburg, PA) for 20 minutes at room 
temperature (Rouhana et al. 2013). Each reaction volume was brought up to 100 µl, 
followed by denaturating and annealing at the following temperatures: 95°C (3 minutes), 
75°C (3 minutes), 50°C (3 minutes), room temperature (5 minutes). dsRNA was cleaned 
up by ammonium acetate precipitation (2.5M final concentration of ammonium acetate, 
plus two volumes of 100% EtOH). 0.4-1 µg dsRNA was mixed with 10 µl of 3:1 
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liver:water mix. Control animals were fed dsRNA synthesized from the ccdB and camR-
containing insert of pJC53.2.  
To obtain dsRNA-containing bacteria, templates were shuttled to plasmid pPR244 
using a Gateway reaction (Invitrogen, Carlsbad, CA) and transformed into E. coli strain 
HT115. dsRNA-containing bacteria was prepared by inoculating 30 ml of 2xYT with 
Kanamycin and Tetracycline with 0.5 ml of overnight culture. At OD0.3-0.4, cultures were 
induced with 0.4M IPTG for 2 hours (Reddien et al. 2005). The bacterial pellet from 1.5 
ml of culture was mixed with 21 µl of 3:1 liver:water mix. Control animals were fed 
bacteria containing empty pPR242 vector.  
Feeding schedules are provided in Table 3.3. 
 
Quantitative real-time PCR (qPCR) 
To measure relative mRNA levels, total RNA was extracted from animals 7-9 
days after the final dsRNA feed and reverse transcribed. Quantitative real-time PCR 
(qPCR) was performed on an Applied Biosystems StepOne Plus Real-Time PCR system 
using GoTaq qPCR Master Mix with SYBR green (Promega, Madison, WI). Triplicates 
were done for all samples to account for errors in pipetting. Transcript levels were 
normalized to β-tubulin [GB:DN305397] (planarians) and Sm_cytochrome c oxidase I 
[Smp_900000, GB:AF216698.1] (schistosomes). Relative quantities were calculated 
using the ΔΔCt calculation in the StepOne Plus Software. Oligonucleotide primer 





WISH images were captured on a Leica DFC420 camera mounted on a Leica 
M205A stereomicroscope (Leica, Wetzlar, Germany). Samples were mounted in 80% 
glycerol/PBTx (1% PBS + 0.3 % Triton X-100). 
Whole-mount FISH images were imaged on a Zeiss Stereo Lumar V12 (Carl 
Zeiss, Germany). Samples were mounted in Vectashield (Vector Laboratories, 
Burlingame, CA). 
FISH images were obtained on a Zeiss LSM 710 confocal microscope (Carl Zeiss, 
Germany), (Plan-Apochromat 10x/0.45, Plan-Apochromat 20×/0.8, C-Apochromat 
40×/1.2 W korr UV-VIS-IR, or Plan-Apochromat 63×/1.4 Oil DIC objectives). Samples 
were mounted in Vectashield. Fluorescein, Cy3/5-TAMRA, and Cy5 were excited with 
488 nm, 561 nm, and 633 nm lasers, respectively.  
Images were processed (cropping and annotation; brightness, and contrast 




Asexual worms were fixed in cold 2% formaldehyde, 2.5% glutaraldehyde in 
EMBuffer (70 mM sodium cacodylate, 1 mM CaCl2, pH 7.4), excised, fixed for four 
additional hours, washed twice in EMBuffer, and post-fixed (1% OsO4, 90 minutes, 4°C 
in dark). Animals were dehydrated (20%+2% uranyl acetate, 40%, 60%, 80%, 100% 
ethanol), placed in acetone, and infiltrated with epoxy embedding resin (Rouhana et al. 
2012). Thin (60-90 nm) sections were collected on Formvar-coated copper slot grids 
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(Electron Microscopy Sciences, Hatfield, PA) and stained (Rouhana et al. 2012). Images 
were acquired with a Hitachi H-7000 STEM electron microscope in transmission mode, 
at an accelerating voltage of 75 kV. All chemicals were obtained from Polysciences 
(Warrington, PA) unless otherwise noted. 
 
Parasite acquisition and culture   
Adult S. mansoni (7 weeks post-infection) were obtained from infected mice by 
hepatic portal vein perfusion (Lewis 2001) with 37oC DMEM (Mediatech, Manassas, 
VA) plus 5% Fetal Calf Serum (FBS, Hyclone/Thermo Scientific, Logan, UT).  Parasites 
were rinsed several times in DMEM + 5% FBS, male and female parasites were 
separated by incubation (2-3 minutes) in a 0.25% solution of the anesthetic ethyl 3-
aminobenzoate methanesulfonate (Sigma-Aldrich, St. Louis, MO) in DMEM + 5% FBS.   
 
Vertebrate animal care 
In adherence to the Animal Welfare Act and the Public Health Service Policy on 
Humane Care and Use of Laboratory Animals, all experiments with and care of 
vertebrate animals were performed in accordance with protocols approved by the 
Institutional Animal Care and Use Committee (IACUC) of the University of Illinois at 
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